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1. Introduction

The synthesis of ordered mesoporous materials (OMM) has
received much attention in the last two decades [1]. OMM have
large surface areas, uniform pore sizes and tunable periodic pore
arrangements. These properties make them attractive for applica-
tions in various fields such as catalysis, adsorption and drug deliv-
ery [2]. SBA-15 is the most studied mesoporous silica, because of
its facile synthesis and stability.

In 2002, a new type of SBA-15 was reported and named plugged
hexagonal templated silica (PHTS) or plugged SBA-15 [3]. These
materials are synthesized using an excess of tetraethyl orthosili-
cate (TEOS), the silica precursor, leading to an ordered mesoporous
silica with constricted pores [4]. By varying the synthesis parame-
ters, the extent of the plugging can be influenced producing mate-
rials in which either all pores contain plugs (“completely plugged”)
or only a fraction of the pores contains plugs (“partially plugged”).
In the case of PHTS materials the plugging is apparent from an ink
bottle hysteresis in the N, physisorption isotherm, as liquid N,
remains trapped by the narrow (plugged) entrances to the pores,
resulting in delayed desorption. Moreover, these solids exhibit a
remarkable mechanical and hydrothermal stability. In recent years,
alternative strategies to produce PHTS materials have been pro-
posed using different silica precursors and procedures [5].
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Despite the importance of PHTS materials, the exact details of
their structure have remained elusive. Van der Voort et al. pro-
posed that the cylindrical SBA-15 channels were fully plugged,
and only accessible via micropores in the channel walls [3]. On
the other hand, Ryoo et al. explained the characteristics by an
appreciable mesopore surface corrugation, possibly related to
incomplete formation of plugs [6]. Zhao et al. pointed out that
these solids just have a fraction of ordered mesopores exhibiting
porous plugs within SBA-15 mesochannels [7].

In general, N, physisorption has been used to characterize
porosity. Information about the size of the pores can be obtained
from the adsorption branch and the accessibility of the pores
(entrance sizes) can be derived from the desorption branch of the
isotherm. However, the limitation is that only entrance sizes larger
than ~4.7 nm can be characterized [8]. For plugged SBA-15 it is
generally found that the entrance size is smaller than this limit.
Argon at 77 K is an alternative as the capillary evaporation of argon
at 77 K happens at lower relative pressures extending its use to
analyze a wider range of constrictions in the porous structure, lim-
ited to entrance sizes larger than ~3.6 nm [9].

Other techniques such as electron tomography [10], modifica-
tion of the silica surface using organosilanes [11] and metal oxide
impregnation [12] have also been used to study these solids. How-
ever, none of these techniques is able to measure and quantify the
nature of the plugging of the PHTS. A promising option is the use of
replicas which are produced by filling the mesoporous structure
with a carbon or a metal precursor (Au, Pt, Pd and others) followed
by thermal treatment and silica removal [13]. This technique has
been used to study the entrance size of 3-D mesoporous silica,
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for example FDU-12 [14], and to identify the connections between
pores in SBA-15 [15].

In this contribution, we present for the first time a study of the
spatial distribution of the plugs, the dimensions and accessibility of
the nanocavities in PHTS by synthesizing and imaging silver nano-
structures confined inside the porous structure using TEM analysis.

2. Experimental section
2.1. Ordered-mesopore silica synthesis and silver deposition

2.1.1. Synthesis of the SBA-15

SBA-15 was synthesized following a procedure previously
described [16]. In a polypropylene bottle 250 ml, 2.0 g of P123
blockcopolymer was dissolved in a mixture of 15 g of water and
60 g of 2 M HCL. This solution was stirred at 35 °C overnight. Then,
4.0 g of TEOS was added dropwise to this solution under vigorous
stirring. After 5 min of stirring, the mixture was kept under static
conditions at 35 °C for 20 h followed by 24 h at 80 °C. The solid
product was collected by filtration, washed with distilled water,
dried at 60 °C during 48 h and calcined at 550 °C in static air during
6 h.

2.1.2. Synthesis of the PHTS materials

Samples were designated PHTS-A-B, A indicating in how many
steps TEOS was added and B indicating the hydrothermal treat-
ment temperature.

2.1.3. PHTS-1-60, PHTS-1-80, PHTS-1-100

In a polypropylene bottle 250 ml, 2.0 g of P123 blockcopolymer
was dissolved in a mixture of 15 g of water and 60 g of 2 M HCl.
This solution was stirred at 35 °C overnight. Then, 8.5 g of TEOS
was added dropwise during 15 min to this solution under vigorous
stirring. After 5 min of stirring, the mixture was kept under static
condition at 35 °C for 20 h followed by 24 h at different tempera-
ture (60, 80 and 100 °C). The solid product was collected by centri-
fugation, washed with distilled water, dried at 60 °C during 48 h
and calcined at 550 °C in static air during 6 h.

2.1.4. Synthesis of the PHTS-2-80

In a polypropylene bottle 250 ml, 2.0 g of P123 blockcopolymer
was dissolved in a mixture of 15 g of water and 60 g of 2 M HCL.
Then, 4.25 g of TEOS was added to this solution under vigorous
stirring. The solution was kept stirring for 30 min, then, 4.25 g of
TEOS was added dropwise in this solution. The mixture was kept
under static condition at 35 °C for 20 h followed by 24 h at 80 °C.
The solid product was collected by centrifugation, washed with
distilled water, dried at 60 °C during 48 h and calcined at 550 °C
in static air during 6 h.

2.1.5. Deposition of the silver nanowires

Silver structures on SBA-15 were synthesized using using a
two-solvent technique [17]. In this methodology, 300 mg of meso-
porous silica was first dried at 120 °C for 12 h to remove physi-
sorbed water. Then, 5 ml of n-hexane was added to the dried
mesoporous silica and this suspension was stirred vigorously dur-
ing 10 min.

After this procedure, 2 ml of 1.25 M AgNOs; aqueous solution
was added to this suspension dropwise. Then, the suspension
was stirred during 4 h at room temperature, the composite was
centrifuged, dried at 80 °C for 6 h to remove n-hexane and then
heated to 350 °C with a temperature increase rate of 2 °C/min,
and calcined at 350 °C in stagnant air during 2 h.

The synthesis of Ag-PHTS-1-60 with a lower metal loading was
done using exactly the same procedure described above, but

changing the volume of the silver nitrate solution (1 ml). The metal
loadings were determined by AAS (Mikroanalytisches Laboratori-
um Kolbe, Germany).

Freestanding silver nanowires were obtained by dissolving the
SBA-15. In this procedure, 50 mg of Ag-SBA-15 was added to a
solution of 3.0 M of NaOH (1.0 ml), then, this mixture was stirred
during 24 h. After this period, the silver wires were retrieved by
centrifugation and washed with distillated water and ethanol.

2.2. Structural analysis

2.2.1. XRD analysis

Long range pore ordering was confirmed with low-angle X-ray
diffraction. Patterns were obtained at room temperature from 0.5
to 8° 20 with a -AXS D2 Phaser powder X-ray diffractometer, in
Bragg-Brentano mode, equipped with a Lynxeye detector using
Co-Ky;1 radiation, with 2=1.790 A, operated at 30 kV, 10 mA. To
provide reproducible results and minimize effects of sample prep-
aration the average over three individual small angle XRD mea-
surements was used. XRD patterns of silver were recorded for all
solids between 10 and 100° 20 using the same equipment.

2.2.2. N, and Ar physisorption

N, and Ar physisorption measurements were performed at 77 K
using a Micromeritics Tristar 3000. The samples were dried before
the measurement under an N, flow at 250 °C for at least 12 h. The
total microporous and mesoporous volume (V,,) was determined
using the t-plot method. The pore size distribution of the mesopor-
ous silica supports was calculated from the adsorption branch of
the isotherm by BJH analysis. The maximum of the pore size distri-
bution was taken as the average pore diameter. The percentage of
plugged mesopore volume that was calculated from the cumula-
tive pore volume as a function of the pore size distribution (BJH
analysis of the desorption branch) by defining the peak as 3.5-
4.0 nm as plugged pores (more details Supporting information S2).

2.2.3. Quantification of plugged (SEM and TEM analysis)

The morphology and sizes of the silica particles were deter-
mined with a Tecnai FEI XL 30SFEG Scanning Electron Microscope
(SEM). Transmission electron microscopy was performed using a
microscope FEI Tecnai 20F, operated at 200 kV equipped with
CCD camera.

The samples were embedded in epoxy resin (Epofix, EMS) and
cured at 60 °C overnight. Then, they were cut into thin sections
with a nominal thickness of 60 nm using a Diatome Ultra knife,
4 mm wide and 35° clearance angle, mounted on a Reichert-Jung
Ultracut E microtome. The sections float on water after cutting,
were picked up and deposited onto a carbon coated polymer grid
and left to dry.

The histograms of particle size distribution were obtained from
observing about 500 particles in representative micrographs of dif-
ferent areas.

3. Results and discussion
3.1. PHTS structure

The small-angle powder XRD patterns of PHTS (Supporting
information S3) shows three diffraction peaks that can be assigned
to the (100), (110) and (200) planes, corresponding to a hexago-
nal p6mm arrangement of the pores. The peaks have lower intensi-
ties for PHTS than for SBA-15. This can be explained by the
presence of plugs inside the pores, which decrease the difference
in electron density between pores and silica walls. SEM (Support-
ing information S4) showed that the plugged SBA-15 particles have
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a uniform morphology with sizes of 1-2 um and the shape of the
particles was affected slightly by the hydrothermal synthesis tem-
peratures. TEM analysis (Fig. 1) faced the pore structure of PHTS
materials. It is possible to observe that increasing the hydrother-
mal temperature the pores became larger. HAADF-STEM was also
used to study the PHTS-1-60 showing the constrictions inside the
pore structure of this material (Supporting information S5).

Nitrogen isotherms at 77 K are shown in Fig. 2 (top frame). The
isotherms show hysteresis in the pressure range of p/po=0.4-0.8
indicative of the presence of mesopores. N, physisorption iso-
therms of samples PHTS-2-80 and PHTS-1-100 show a 2-steps
desorption. The first desorption step is due to desorption from
open mesopores. The second desorption step is attributed to
plugged mesopores and used to calculate the fraction of plugged
mesopore volume. Comparison of results for PHTS-2-80 and
PHTS-1-80 shows that adding the silica precursor in two steps
leads to only partially plugged materials (2-steps desorption);
however, slow addition in one step resulted in completely plugged
SBA-15 (1-step desorption) (extra explanation on Supporting infor-
mation S1). All N, desorption isotherms showed cavitation at
~0.42 relative pressure, indicating that the entrance size of some
plugged mesopores is smaller than 4.7 nm.

Ar physisorption (Fig. 2, bottom frame) allows extending this
measurement limit down to ~3.6 nm.[18] In the case of PHTS-1-
80 and PHTS-2-80, Ar physisorption (Fig. 2 bottom frame) displays
a continuous gas desorption at relative pressures from 0.6 to 0.35,
showing that constrictions inside the mesopores had a broad size
distribution with entrance sizes from 5.6 to 3.6 nm. Thus, the
PHTS-1-80 materials are accessible through mesosized entrances
and not only through micropores as reported earlier [3]. For
PHTS-1-60 1-step desorption was observed again, facing smaller
entrance sizes which are not able to be measured by argon
physisorption.

Table 1 provides an overview of the structural properties of the
materials. If the aging temperature is raised from 60 to 100 °C,
the unit cell parameter increases from 9.0 to 10.7 nm, while also
the pore diameter and total pore volume increase. In general, the
accessibility of the mesopores is related to the mesopore diameter.
The sample PHTS-1-60, which has mesopores of ~4.5 nm, is only
accessible through entrances smaller than 3.6 nm. The samples
PHTS-1-80, PHTS-1-100 and PHTS-2-80 (pore diameter 6.0, 7 and
6.7 nm respectively) have partially open mesopores and larger
window sizes. The micropore volume is low when the hydrother-
mal temperature was 100 °C. It has been well documented for
SBA-15 that the micropores are related to the hydrophilic nature
of the PEO chains of the organic template around which silica is
grown and that at 100 °C, the PEO blocks become less hydrophilic,
leading to lower micropore volumes [19].

3.2. Silver deposition

Although gas physisorption gives information about the average
properties of the samples, such as surface area and plugged poros-
ity, it does not show where the plugs and cavities are located inside
the material. Thus, to gain a better understanding of spatial distri-
bution of constrictions and cavities in these solids, silver structures
were synthesized inside the mesopores of silica, giving local infor-
mation about the pore structure of these materials. Moreover, sam-
ples with different silver loadings were synthesized to verify that
the use of relatively low silver volume loadings, as used in this
study, did not lead to preferential silver deposition in certain
mesopores.

Fig. 3 shows TEM images of SBA-15 material containing silver
nanowires (frame A and B) and silver nanowires obtained after sil-
ica removal (frame C). Very long silver nanowires running over the
full length of the silica particles are observed (Fig. 3A), confirming

Fig. 1. TEM images: PHTS-1-60 (top-left), PHTS-2-80 (top-right), PHTS-1-80 (bottom-left), PHTS-1-100 (bottom-right).
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Fig. 2. N, physisorption (top frame) and Ar physisorption (bottom frame) measured
at 77 K. The N, isotherms were offset vertically by 100, 200, 400, 600 cm>/g STP; Ar
physisorption isotherms for PHTS were offset vertically 100, 200, 500 cm®/g STP.

the regular open mesopore structure of SBA-15. The Ag nanowires
were around 7.2 nm in diameter (Fig. 3B), in accordance with the
pore diameter of SBA-15. Despite the pore corrugation of SBA-15
that has been reported before [10], the silver nanowires have
not broken up into smaller rods (Fig. 3A). Part of the pores was
filled completely, while other pores contain no Ag, which is not
unexpected given the fact that after drying the silver nitrate

Table 1
Structural properties of samples as derived from N, physisorption and XRD.

Fig. 3. Silver nanowires inside SBA-15 (A, B), silver nanowires after silica removal

(€.

corresponds to 20% of the pore volume, while conversion to silver
results in another 10% volume decrease. Moreover, the redistribu-
tion of mobile intermediate phases during the thermal treatment
can also explain the distribution of silver in SBA-15, as has been
observed before for Ni, Co and other metals [20]. N, physisorption
of Ag-SBA-15 confirmed a reduction of total pore volume and the
absence of cavities after silver formation (Fig. S6, Supporting infor-
mation). Furthermore after silica removal, long silver wires were
obtained (frame 2C). The stability of these wires was limited,
which might be due to electron beam exposure. Nevertheless, it
is clear that the silver nanostructures faithfully represent the pore
structure of the SBA-15 material. Hence based on this result, we
decided to probe the nanocavities and pore constrictions in PHTS
by imaging silver nanorods grown in the pores.

Ag-PHTS-2-80 (Fig. 4) showed clearly shorter silver structures
than Ag-SBA-15. Silver rods of 70-100 nm length were observed,
showing that in some pores the distance between the constrictions
was relatively long (Fig. 4A). In other areas of the sample
even shorter silver rods with 15-30 nm of length were observed,
indicating even shorter distances between the constrictions

Sample a, (nm) d (nm) Sger (M?/g) Viotal (cm’[g) Vineso Plugged (%) Viier (cm’[g)
SBA-15 107 7.0 917 118 0 0.06
PHTS-1-60 9.0 45 508 038 100 0.10
PHTS-1-80 102 6.0 797 0.67 96 0.11
PHTS-1-100 107 7.0 694 0.76 19 0.05
PHTS-2-80 107 6.5 695 0.61 41 0.08

a = lattice spacing, d = pore diameter from adsorption branch (BJH), Sger=BET surface area, Vioa = total pore volume, Vieso plugged =volume of plugged mesopores,

Viicro = Micropore volume.



238 R.L. Oliveira et al./Microporous and Mesoporous Materials 201 (2015) 234-239

Fig. 4. Silver nanowires and nanorods inside PHTS-2-80.

(Fig. 4A-C). A histogram (Fig. 5A) confirms a wide distribution of
silver structures inside PHTS-2-80. The relatively large distances
between the plugs are in accordance with the physisorption which
shows 41% of mesopore volume contains plugs. Since in PHTS the
nanorods are short in contrast to those in SBA-15 we conclude that
in PHTS materials the constrictions are narrow enough to stop the
continuous growth of the silver wires.

Samples Ag-PHTS-1-60 and Ag-PHTS-1-80 contain much
shorter silver nanorods, mainly around 10-40 nm of length, and
even silver nanoparticles (Fig. 6).The length of the rods is nicely
in line with direct imaging of cavities (Fig. S3). Frame A illustrates
that for Ag-PHTS-1-80 plugs with small inter-plug distances are
abundant throughout the whole material. The average rod length
was 28 +7.5 nm (Fig. 5B). For Ag-PHTS-1-60, with the smallest
pores, some silver deposits were observed outside the silica struc-
ture (Fig. S8). Inside the mesoporous structure only spherical par-
ticles and short rods are observed (Fig. 6C) illustrating the severe
constriction of all pores. These results are in accordance with
gas physisorption results which showed that PHTS-1-60 and

30
25

20

occurence (%)
N
(&)}
;

20 40 60 80
Nanorods length (nm)

Fig. 6. Silver nanorods inside PHTS-1-80 (top, bottom left) PHTS-1-60 (bottom
right).

PHTS-1-80 have 100% and 96% of their mesopore volume plugged,
respectively. PHTS-1-60 was prepared with different silver
loadings (20 and 35 w/w% Fig. S9). No influence of the silver load-
ing on the length distribution of the rods was observed. This result
differs from that obtained by Wang et al. [21] who observed an
influence of the metal loading of Au, Ag and Pt in SBA-15 on the
particle size. This fact gives a strong indication that in our
case imaging the Ag plugs inside the PHTS materials faithfully
represents the mesopore structure.

4. Conclusions

Visualizing silver nanostructures confined in the pores of SBA-
15 and plugged SBA-15 allows a detailed characterization of the
porosity in these materials. For SBA-15, Ag nanowires extended
over the full pore length. Plugged SBA-15 materials were prepared
with a variation in the degree of constriction of the pores. Espe-
cially a lower hydrothermal treatment temperature resulted in a

401 ?
351

= NN W
(&}
1

occurence (%)

T T

20 40 60 8 100
Nanorods length (nm)

Fig. 5. Length distribution of Ag nanorods in PHTS-2-80(left), and PHTS-1-80(right).
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higher degree of plugging, with virtually all pores containing plugs.
The length of the enclosed nanocavities was determined, and var-
ied from 10 to 100 nm, depending on the synthesis procedure.
These results demonstrate the suitability of visualization of pore-
confined metal nanostructures to characterize the nature of com-
plex porosities such as in nanocavities-containing materials.
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