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Ordered mesoporous SiO2 (KIT-6) was synthesized using triblock copolymer P123 as the structure tem-
plate and tetraethyl orthosilicate (TEOS, C8H20O4Si) as silica source. Small-angle X-ray scattering and high
resolution electron microscope measurements indicate the 3d cubic Ia3d symmetry of the pore structure
of KIT-6 synthesized at 30–120 �C. When the synthesis temperature increases to 180 �C, the order of
pores was deteriorated. The pore size was estimated by nitrogen adsorption/desorption measurements,
which increases from 3.8 nm to 18.5 nm as the synthesis temperature increases from 30 �C to 180 �C.
With the increase of mesopore size, the pore wall thickness shows continuous decrease. Positron annihi-
lation lifetime spectra was measured for the synthesized KIT-6. The lifetime spectra can be resolved to
two short and two long lifetime components. The two long lifetimes s3 and s4 correspond to o-Ps lifetime
in micropore and mesopores, respectively. The size of mesopores was estimated from the o-Ps lifetime by
using Goworeck’s model for cylindrical pores, which shows continuous increase with synthesis temper-
ature, and is consistent with the N2 adsorption/desorption measurements. The size of micropore has no
change with increasing synthesis temperature. However due to the decrease in wall thickness, the num-
ber of micropores in the wall shows subsequent decrease. In addition, the second lifetime component s2
is also found to be a sensitive parameter for the pore size, which shows the same trend as lifetime s4 with
increasing synthesis temperature.

� 2018 Published by Elsevier B.V.
1. Introduction

In the last decades, mesoporous material has attracted much
attention due to their wide applications in many fields, such as
adsorption, separation, catalytic reaction, drug deliver, sensors,
low-k dielectrics, energy storage and so on [1–4]. Among the meso-
porous materials, silica-based materials were most frequently
studied because of their tunable pore size, large surface area and
controllable structure [5–9]. A series of mesoporous silica, such
as MCMn, SBAn, FDUn, KITn, etc. have been synthesized by differ-
ent templating schemes [7,10–13]. KIT-6 silica has bicontinuous
cubic structure of Ia3d symmetry and contains interpenetrating
cylindrical pores, which is more suitable for the hard template
and support of catalysts [14]. It was shown that the pore size of
mesoporous silica could be controlled through delicate regulation
of the reaction temperature, surfactant type or concentration,
and swelling agent concentration [5,7]. The pore structure of other
mesoporous materials synthesized by hard-templating method can
thus be controlled by adjusting the pore diameter of the templates.
Therefore, it is important to tailor the pore size of KIT-6 in order to
produce more abundant target materials.

Comparing with the tuning of pore size, characterization of the
pore size and pore structure of the porous material is more impor-
tant. Different techniques have been used to measure pore size and
pore structure. The most popular methods are small-angle X-ray
scattering (SAXS), gas adsorption/desorption and high-resolution
transmission microscopy. SAXS can provide the unit cell dimen-
sions and is more effective for materials with long range order.
Gas adsorption/desorption provides information on pore size, pore
volume, and surface area, but it is mainly effective for open meso-
pores. It cannot detect the closed-pores. High-resolution transmis-
sion microscopy is a powerful tool to elucidate the pore geometry.
It is desirable to have more experimental techniques which can
provide more comprehensive information about the pore size
and pore structure.

Positron annihilation spectroscopy (PAS) has been widely used
to study vacancy defects in various materials such as metal and
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alloys, semiconductors, polymers and porous materials [15–17].
Positrons will be preferentially trapped by vacancy-type defects
such as monovacancies, divacancies, vacancy clusters and voids.
Due to a lower electron density, the positron will live much longer
at vacancy sites. In many porous materials, positron will also com-
bine one electron to form a metastable hydrogen-like atom called
positronium (Ps), which has a radius of 1.06 Å and binding energy
of 6.8 eV. According to quantum mechanics, positronium can have
either the spin anti-parallel para-positronium (p-Ps) (S = 0, ms = 0)
or the spin parallel ortho-positronium (o-Ps) (S = 1, ms = 0, �1). In
vacuum, the positronium will undergo self annihilation. The self-
annihilation lifetime of p-Ps via 2c-annihilation is 125 ps, while
that of o-Ps via 3c-annihilation is 142 ns. The ratio of p-Ps to o-
Ps formation probability is 1:3.

When positronium is formed in porous materials, it will be
localized in the pores. Due to the very short lifetime, p-Ps is weakly
affected by the surrounding environment. However, the o-Ps has
relatively much longer lifetime, then it will move around and col-
lide with the pore wall back and forth. During the collision, it has
chance to pick off one electron from pore wall and undergo 2c-
annihilation [18]. The pick-off annihilation lifetime of o-Ps will
be reduced to a few ns, which depends on the pore size. A semi-
empirical relationship between o-Ps lifetime and pore size R was
established by Tao and Eldrup et al. [19,20] assuming that positro-
nium is trapped in a spherical pore, which can be expressed as
follows:

s�1
o�Ps ¼ 2 1� R

Rþ DR
þ 1
2p

sin 2p R
Rþ DR

� �� �
: ð1Þ

where DR is the thickness of the electron layer on the surface of
pores which is determined to be 1.656 Å for many materials, and
was also suggested to be 1.8 Å for silica [21–23]. The above equa-
tion is based on spherical pores, and for pores with irregular shape,
we can get equivalent dimension of the pores, such as the radius of
cylinder, length of the cube and so on.

The above Tao-Eldrup model works for micropores with diam-
eter less than 2 nm (corresponding to o-Ps lifetime� 20ns). For lar-
ger pores, the chance of positron to pick electron from the wall is
reduced, so the self-annihilation of o-Ps should be considered.
There are many modified models to evaluate pore size from the
o-Ps lifetime for large pores [24,21,25]. In addition, Goworeck
[26] also extended Tao-Eldrup models to correlate o-Ps lifetime
with pore size for the cylindrical pores. Therefore those well estab-
lished models enable positronium to be a good probe for evalua-
tion of pores in a wide size range covering micropores and
mesopores. On the other hand, the intensity of o-Ps lifetime com-
ponent can also reflect the relative number of pores. Moreover, it
is worth noting that positronium probe is not limited to open
pores, it can also detect any closed pores. Thus positronium probe
can provide more comprehensive information about the pore
structures than other methods [27–32].

It should be noted that the formation and annihilation of o-Ps is
also affected by other factors such as the chemical environment on
the wall of the pores [33]. Some chemical agent will cause quench-
ing of o-Ps lifetime and most of the time also prohibit positronium
formation. If there are paramagnetic molecules in the surrounding
of the pore, spin conversion of positronium will also occur, which
causes decrease of both o-Ps lifetime and its intensity, since some
o-Ps are converted to p-Ps and then annihilate by 2c emission.
Those chemical quenching and spin conversion will bring uncer-
tainties in evaluating the pore size and pore volume. In addition,
the positronium formation is forbidden in porous materials which
are electrically conductive [34]. If the positronium formation is for-
bidden, we will even fail to probe the pore structure through o-Ps
lifetime. Jean et al. [35] proposed a new idea to measure the free
volume size in polymer materials by using the second lifetime
component. This is the positron annihilation lifetime in free vol-
ume holes without formation of positronium. They have success-
fully extended the Tao-Eldrup equation to measure the free
volume hole with radius R < 5 Å by using s2. For free volume hole
radius > 5 Å, their equation is no longer applicable and should be
further modified. But this give hints that the positron lifetime s2
can be also used to detect the pores in porous materials.

In this paper, we synthesized the mesoporous KIT-6 template at
different temperatures from 30 �C to 180 �C. The pore structure
was studied by positron lifetime spectroscopy together with SAXS,
HRTEM and N2 adsorption/desorption measurements. Our results
show that positronium is a very sensitive probe for not only meso-
pores but also micropores, and the mesopore size increases with
increasing synthesis temperature. The second lifetime component
s2 can be also used to detect the pore size.
2. Experiment

2.1. Sample preparation

KIT-6 was synthesized following the procedures from literature
[13]. 6 g amphiphilic triblock copolymer Pluronic P123 (Mw =
5800, EO20-PO70-EO20, Sigma Aldrich), 11.8 g hydrochloric acid
and 6 g butanol were dissolved in 217 g of deionized water under
stirring at 35 �C. After stirring for 4 h, 12.9 g tetraethyl orthosilicate
(TEOS, C8H20O4Si) was added into the above solution and it was
stirred again at 35 �C for 24 h to ensure that the solution was dis-
tributed homogenously. The resulting solution was transferred into
a Teflon-lined autoclave and kept at different temperatures for 24
h under static conditions. The product was filtered and dried at
100 �C. After that, the samples were further calcined at 550 �C for
5 h in air.
2.2. Characterization

Small-angle X-ray scattering patterns were measured by using
an X-ray diffractometer (X’Pert Pro, PANalytical, Netherlands) with
CuKa radiation and the scanning angle 2h was from 0.5 to 8� with
the step of 0.026�. High resolution transmission electron micro-
scopy image was obtained using a JEM-2010FEF microscope with
an acceleration voltage of 200 kV. N2 adsorption/desorption mea-
surements were performed at 77 K by using a Micromeritics ASAP
2020 gas-sorption analyzer. Pore size distribution was estimated
using the Barrett-Joyner-Halenda (BJH) method [36].

A conventional fast–fast coincidence lifetime spectrometer with
time resolution of 280 ps was used for positron lifetime measure-
ment. The sample were grinded and pressed to pellets under a sta-
tic pressure of 6 MPa for 5 min before the measurement. 22NaCl
with 10 lCi activity was used as positron source, which was depos-
ited between two 7.5 lm Kapton foils. The source was sandwiched
between two pellet samples and was put into a vacuum chamber.
The measurement was carried out under continuous vacuum
pumping and the vacuum is kept at about 1 � 10�5 Torr. In order
to collect the 3c annihilation events of o-Ps in pores, the lower
energy window on the discriminator for the stop signal was set
to minimum and the range of time-to-amplitude converter was
set to 200 ns. Each spectrum consists of 4096 channels of data with
time scale of 50.3 ps/channel. A total count of 1 � 106 was col-
lected for each lifetime spectrum, and two spectra were measured
for each sample to verify the stability of the lifetime spectrometer.
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3. Results and discussion

3.1. SAXS measurements

Fig. 1 shows the small angle X-ray scattering patterns of KIT-6
obtained under different hydrothermal reaction temperature. For
the sample synthesized between 30 and 120 �C, all the SAXS pat-
terns show the cubic Ia3d symmetry with two main peaks indexed
as (211) and (220). This indicates the long range ordering of the
pores in KIT-6. All the peaks shift to lower 2h values with increas-
ing synthesis temperature, which indicate the enlargement of
Fig. 1. Small angle X-ray scattering of KIT-6 synthesized at different hydrothermal
temperatures.

Fig. 2. High resolution transmission electron microscope image o
mesopore structure. The peak intensities first show increase and
then decrease when the synthesis temperature is higher than
100 �C. This suggests that the ordering of the pores synthesized
at 100 �C is the highest. When the synthesis temperature is raised
to 180 �C, the main (211) peak is much weaker, indicating that the
long range order of pores is destroyed.

The plane spacing d211, which is the periodic interval of pores
(pore width + pore wall) of KIT-6, can be obtained according to
the Bragg’s equation:

2d sin h ¼ kk ð2Þ
By using the 2h value of the (211) peak in the above equation,

the pore interval increases from 7.79 nm to 9.31 nm with the
increasing synthesis temperature from 30 �C to 120 �C. This param-
eter was also labeled in Fig. 1. Since the (211) peak intensity is
much weaker when the synthesis temperature is 180 �C, the pore
interval for this sample may be unreliable.

3.2. HRTEM measurement

The HRTEM images for KIT-6 synthesized at different tempera-
tures are shown in Fig. 2. The ordered pores can be clearly seen for
the samples synthesized between 30 �C and 120 �C. The increase of
pore size with synthesis temperature can be also observed. At
30 �C, the pore interval is about 7.7 nm, and it increase to about
10 nm when the temperature increase to 120 �C. This is in good
agreement with the SAXS measurements. However, when the syn-
thesis temperature increases to 180 �C, the pore ordering becomes
weaker, and some pores agglomerate and form much larger pores.
This suggests slight collapse of the pore structure. From the HRTEM
images, it can be seen that the wall thickness decreases dramati-
cally with increasing synthesis temperature, which has been also
reported by others [37,38]. Especially at high temperature of
180 �C, the pore wall becomes very thin. This might be the reason
for the collapse of pores.

3.3. N2 adsorption/desorption measurement

In order to obtainmore details about pore structures such as pore
size, pore volume, and specific surface area, the nitrogen adsorp-
tion/desorption measurement was also performed. The adsorption
isotherms for KIT-6 synthesized at different temperatures are
f KIT-6 synthesized at different hydrothermal temperatures.
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shown in Fig. 3(a). The N2 adsorption/desorption isotherms all
show type IVa curves with H1 hysteresis loops, according to the
recent classification of IUPAC [39]. The capillary condensation
occurs at a relative pressure P/P0 of 0.6–1.0 [39–41]. These adsorp-
tion isotherm curves indicate that all the samples are mesoporous.
The relative pressure P/P0 of the capillary condensation shifts to
higher value with the increase of synthesis temperature, which
suggests increase of pore radius. At temperature of 180 �C, the
relative pressure P/P0 is about 1. This shows the existence of large
pores.

The pore size distributions were calculated from the adsorption
branches by using the Barrett-Joyner-Halenda (BJH) model [36],
which are shown in Fig. 3(b). The average pore size Dp increases
from 3.88 nm to 8.95 nm with the increase of synthesis tempera-
ture from 30 �C to 120 �C. The pore size distribution is relatively
narrow, indicating that these samples have uniform pore sizes.
When the sample was synthesized at 180 �C, the average pore size
increases to 18.57 nm, and the pore size distribution becomes
much broader. This might be due to the collapse of the pore struc-
ture and agglomeration of pores. All these results are consistent
with the SAXS and HRTEM measurements.
Fig. 3. (a) Nitrogen sorption isotherms and (b) pore size distribution of KIT-6
synthesized at different hydrothermal temperature.

Table 1
Textural characterization of KIT-6 synthesized at different hydrothermal temperatures. The
specific surface area SBET , pore volume VP and pore size Dp are obtained from N2 adsorpt
difference between d211 and pore size Dp)

Sample d211 SBET
(nm) (m2/g)

KIT-6-30 7.79 625.46
KIT-6-50 7.98 515.25
KIT-6-80 8.59 611.28
KIT-6-100 9.05 763.54
KIT-6-120 9.31 519.52
KIT-6-180 9.31 297.59
We can get more detailed information about pore structure
from the nitrogen adsorption/desorption measurements, such as
the pore volume Vp and specific surface area SBET . All the detailed
results are listed in Table 1. The specific surface area increases at
first and then decreases with the increase of the synthesis temper-
ature. The sample prepared at 100 �C has the largest specific sur-
face area of 763.5 m2 g�1. Furthermore, the pore volume increase
from 0.57 cm3 g�1 to 1.44 cm3 g�1 as the synthesis temperature
increases from 30 �C to 180 �C. The wall thickness was further esti-
mated by the difference between pore interval and pore size. The
wall thickness is about 3.91 nm for the sample synthesized at
30 �C, and it decreases drastically to 0.36 nm at 120 �C. For samples
synthesized at 180 �C, the wall thickness is not available, since the
pore size might be overestimated from the N2 adsorption curve. In
the above HRTEM results, we can clearly observe the decrease of
wall thickness with increasing synthesis temperature. Especially
for the sample synthesized at 180 �C, the thickness is very small,
so the collapse of the ordered pore structure is rather easy to
happen. The decrease of wall thickness with the increase of
hydrothermal reaction temperature is due to the increase of
hydrophobicity of the EO block and the decrease in the average
length of EO segments, which were associated with the silica
wall [5].

3.4. Positron annihilation measurement

Fig. 4 shows the peak-normalized positron lifetime spectra
measured for KIT-6 synthesized at temperature of 30 �C, 100 �C
and 180 �C. The long tail in the lifetime spectrum suggests that
there is a very long lifetime component in all the samples. This
indicates the existences of large pores in these samples. The ideal
positron lifetime spectrum is a sum of several exponential decay
terms as follows:

LðtÞ ¼
XN
i¼1

Ii
si
exp � t

si

� �
; ð3Þ

where N is the number of lifetime components, and Ii is the corre-
sponding intensities for each component. The ideal lifetime spec-
trum expressed by Eq. (3) is further convoluted with the time
resolution RðtÞ of the lifetime spectrometer:

YðtÞ ¼ LðtÞ � RðtÞ ¼ Nt

XN
i¼1

Ii
si

Z 1

0
R t � t0ð Þexp � t

si

� �
dt0 þ B; ð4Þ

where Nt is the total counts of the spectrum, B is the background
count in the spectrum. All the positron lifetime spectra measured
for KIT-6 samples can be resolved to four lifetime components by
PATFIT program [42] according to the above equation. The shortest
lifetime s1 is about 150 ps, which is attributable to p-Ps annihilation
[43] and free positron annihilation. The second lifetime s2 varies
from 549 ps to 619 ps in these samples, which is the annihilation
lifetime of positrons trapped in micropores or larger mesopores.
plane spacing d211 are calculated from the 2h value of (211) peak by using Eq. (2). The
ion/desorption measurements, and the pore wall thickness ds is estimated from the

Vp Dp ds

(cm3/g) (nm) (nm)

0.5668 3.88 3.91
0.5608 4.67 3.31
0.8829 5.89 2.70
1.2589 6.62 2.43
1.2131 8.95 0.36
1.4396 18.57 –



Fig. 4. Peak-normalized positron lifetime spectra measured for KIT-6 at synthesis
temperature of 30 �C, 100 �C and 180 �C.

Fig. 5. Variation in the two long lifetimes s3 and s4 and their intensities I3 and I4 for
KIT-6 synthesized at different hydrothermal temperatures.
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The two long lifetimes s3 (�5 ns) and s4 (75–105 ns) are obviously
the o-Ps lifetime in micropores and mesopores, respectively.

According to the Tao-Eldrup model (Eq. (1)), the size of micro-
pore can be estimated from the lifetime s3, which is about
0.95 nm in diameter. These micropores exist in the silica wall
and provide interconnections for adjacent mesopores. Wang et al.
[44] obtained the micropore volume of KIT-6 from nitrogen
adsorption/desorption measurements, but they did not show the
micropore diameter. This might be due to the difficulty in obtain-
ing the reliable size of very small micropores in silica materials
from the nitrogen adsorption/desorption isotherm [45].

The size of mesopores can be also obtained from the longest
lifetime s4. However, since the mesopore is larger than 2 nm, the
self-annihilation of o-Ps through 3c emission should be considered.
Ito et al. extended Tao-Eldrup model by taking into consideration
the self-annihilation of o-Ps through three gamma annihilation
[24]. They still use a spherical infinite potential-well model, and
the relationship between o-Ps lifetime and pore size is as follows:

s�1
o�Ps ¼2 1� Ra

RaþDR
þ 1
2p sin

2pRa

RaþDR

� �� �
1� R�Ra

RþDR

� �b
" #

þ 1
142

;

ð5Þ
where Ra = 0.88 nm and b = 0.55 are fitted parameters, and the last
item 1/142 is the self-annihilation rate of o-Ps [24].

Besides the Ito’s model, other extended models to correlate o-Ps
lifetime with pore size for different pore geometry. Dull et al.
extended Tao-Eldrup models for rectangular tube [21,25]:

kðTÞ ¼ kA � kS � kT
4

Fða; d; TÞFðb; d; TÞFðc; d; TÞ; ð6Þ

Fðx; d; TÞ ¼ 1� 2d
x

þ
P1

i¼1ð1=ðipÞÞ sinðð2ipdÞ=xÞeðð�bt2Þ=ðx2kTÞÞP1
i¼1eðð�bt2Þ=ðx2kTÞÞ ; ð7Þ

where b ¼ h2
=ð16 mÞ ¼ 0:188 eV nm2.

Goworeck et al. also proposed a newmodel for pores with shape
of cylindrical tube [26]. By using the above three models, the size
of mesopore synthesized at 30 �C is about 5.73 nm, 2.82 nm and
4.21 nm, respectively. The pore size from Ito’s model is overesti-
mated, while it is underestimated from Dull’s model. Only the pore
size calculated from Goworeck’s model is closest to the size
obtained by N2 adsorption measurement, which is about 3.88
nm. This suggests that the mesopore is cylindrical.

Fig. 5 shows variation of the two long lifetimes s3 and s4 and
their intensities I3 and I4 for KIT-6 synthesized at the different
hydrothermal temperature. s3 is almost constant at about 5 ns.
This suggest that the increase of hydrothermal temperature has
no effect on the micropore sizes of KIT-6. The longest lifetime s4
shows continuous increase with increasing synthesis temperature,
which indicates the increase of mesopore size. This is in agreement
with N2 adsorption/desorption measurement and also HRTEM
observation. The intensity of long lifetime components I3 and I4
may reflect the relative number of micropores and mesopores.
From Fig. 5 we can note that I4 increases from 22% to 31% and I3
with increasing synthesis temperature from 30 �C to 100 �C, and
then begins to decrease and it drops abruptly to about 25% at
180 �C. This is a clear indication of the collapse of ordered meso-
pore structure at 180 �C, and some neighboring pores combine into
larger mesopores or even macropores. The variation of intensity I3
is contrary to that of I4, which first show continuous decreases
from about 3.9% to 1.1% with increasing synthesis temperature
up to 100 �C, then increases from 1.1% to 4.5% with increasing tem-
perature. The decrease of I3 in the first stage means decrease of the
relative number of micropores, which is related to the decrease of
wall thickness with increasing hydrothermal treatment tempera-
ture as described above, since the micropore are inside the pore
wall. Wang et al. [44] also observed the decrease of micropore
volume for the KIT-6 with higher hydrothermal treatment
temperature. The later increase of I3 in the temperature range of
120–180 �C is most probably due to the formation of additional
micropores due to the collapsed of the ordered mesopore structure.

The mesopore sizes at different synthesis temperatures were
calculated from the o-Ps lifetime s4 using Ito, Dull and Goworeck’s
model, respectively, and the result is compared with that of N2

adsorption/desorption measurement. From Fig. 6, it can be seen
that the pore sizes calculated by Goworeck’s cylindrical model
are in good agreement with N2 adsorption/desorption
measurement as the synthesis temperature is in the range of
30–120 �C. However, for the sample synthesized at 180 �C, the
pore sizes calculated by the three model are all smaller than N2



Fig. 8. Variation of positron lifetime s2 and o-Ps lifetime s4 as a function of carbon
content in C/SBA-15 complex.

Fig. 6. Pore radius of KIT-6 attained from N2 adsorption/desorption and PAL
measurements using different model.
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adsorption/desorption measurement. This indicates that the meso-
pores in samples synthesized at 30–120 �C are typical cylindrical
pores. At higher hydrothermal temperatures, the underestimation
of the pore size obtained by positron annihilation is probably due
to the change of pore morphology after hydrothermal treatment
at high temperatures. There is another possibility that due to the
decrease in the wall thickness, the interconnection of neighboring
mesopores will be recognized as larger pores by N2 sorption
method, while positron still discriminate the two neighboring
pores as individual pores.

Since the second lifetime s2 is the annihilation lifetime of posi-
trons trapped at pores, it can also reflect the change of pore size
with increasing synthesis temperature of the samples. Fig. 7 shows
positron lifetime s2 and o-Ps lifetime s4 of samples synthesized at
different temperatures. It is interesting to note that both s2 and s4
increase as a function of synthesis temperature with nearly the
same trend. This reveals two facts. First, the lifetime s2 and o-Ps
lifetime s4 reflect microstructural information from the same site,
which is inside the mesopore. Second, the lifetime s2 can also be
used to characterize pore size in mesoporous materials. This idea
has been proposed by Jean et al. [35] in polymeric materials. How-
ever at present no appropriate model is available to correlate s2
with mesopore size.

It is generally believed that if positron lifetime is longer than
500 ps, it is most probably due to formation and annihilation of
Fig. 7. Positron lifetime s2 and o-Ps lifetimes s4 of samples synthesized at different
temperatures.
positronium, especially the pick-off annihilation of o-Ps lifetime.
In other words, the upper limit of positron lifetime in the trapped
state is suggested to be 500 ps. However, lifetime s2 in the present
work is in the range of 549–619 ps. If it is due to o-Ps annihilation,
the pores where o-Ps resides will be very small, which will have lit-
tle chance to expand with the same trend as the mesopore. There-
fore we believe that s2 is not due to o-Ps annihilation.

There are a lot of published papers which reported positron life-
time longer than 500 ps in pores or free volume holes
[32,35,46,47]. If such lifetime is due to the o-Ps annihilation, it will
also has quenching effect or chemical reaction induced by some
active substance. In our recent paper we observed the strong inhi-
bition of positronium formation by carbon in porous c-Al2O3,
which has also been observed by Wawryszczuk et al. [27] in meso-
porous MCM-41. The conductive carbon will cause decrease in
both o-Ps lifetime and its intensity. However, we did not find any
change in the second lifetime s2. In order to further verify that
the lifetime s2 in ordered mesoporous materials is the lifetime of
positron trapped in mesopores rather than o-Ps annihilation life-
time, we prepared another mesoporous SBA-15, and filled it with
different amount of carbon. Different amounts of sucrose as the
carbon source were immersed in SBA-15. The mixture were placed
in an oven and was kept at 100 �C for 6 h and then 160 �C or
another 6 h for pre carbonization. Finally, the samples were cal-
cined at 900 �C under vacuum for complete carbonization. Thus a
series of C/SBA-15 composites were obtained with C content rang-
ing from 0 wt% to 4 wt%. The C content was calculated from the
sucrose added. Fig. 8 shows the variation of positron lifetime s2
and o-Ps lifetime s4 as a function of C content. s4 shows very rapid
decrease from 106 ns to about 6 ns with carbon content increasing
from 0 wt% to 4 wt%, and the corresponding intensity I4 decrease to
zero at carbon content of 4 wt%. This indicates strong quenching
and inhibition effect on positronium formation and annihilation.
However, s2 keeps almost unchanged. This confirms that s2 is
the annihilation of positron in pores. It also implies that even the
positronium formation is completely forbidden in some porous
materials, we can still use lifetime s2 to characterize the pore
structure.
4. Conclusion

In summary, mesoporous KIT-6 was synthesized at different
temperatures. SAXS, HRTEM and N2 adsorption/desorption mea-
surements confirm the ordered mesoporous structure with cubic
Ia3d symmetry, and the pore size can be tuned from 3.8 nm to
8.9 nm by varying the synthesis temperature from 30 �C to
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120 �C. At the same time, the wall thickness shows gradual
decrease with increasing synthesis temperature. Positron lifetime
measurements reveal two kinds of pores: the micropore and meso-
pore. With increasing synthesis temperature from 30 �C to 120 �C,
the size of micropore is kept at around 0.9 nm, while the mesopore
size based on Goworeck’s model increases from 4.2 nm to 7.7 nm.
Due to the decrease of wall thickness, the number of micropores
shows decrease with increasing synthesis temperature. The pore
order is deteriorated at synthesis temperature of 180 �C, and the
pore size was estimated to be 18.6 nm and 8.4 nm by N2 adsorp-
tion/desorption and positron lifetime measurements, respectively.
It was found that the positron lifetime s2 can also reflect the pore
size, which increases with the same trends as o-Ps lifetime s4. Our
results confirm that positron is a sensitive and nondestructive
probe for the pore structure in KIT-6, and the pore size can be tai-
lored by changing the hydrothermal temperature during synthesis
of the sample.
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