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In the paper results of studies of MnFe2O4/MCM-41 nanocomposites have been presented. The in�uence
of manganese ferrite loading on changes of porous properties of mesoporous MCM-41 structure was studied by
means of N2 sorption/desorption method and positron annihilation lifetime spectroscopy. Disappearance of the
longest-lived ortho-positronium component (τ5) of pure MCM-41 mesoporous material in the positron annihilation
lifetime spectra of MnFe2O4/MCM-41 measured in vacuum is a result of either o-Ps quenching or the Ps inhibition
mechanism. Filling of pores in the studied nanocomposites by air at ambient pressure causes partial reappearance
of the (τ5) component except for the sample with maximum ferrite content. Both the (τ5) component lifetime and
intensity are suppressed together with increasing MnFe2O4 content by chemical quenching and inhibition of Ps
formation occur. Observed anti-quenching e�ect of air is a result of two processes: neutralization of some surface
active centres acting as inhibitors and considerably weaker paramagnetic quenching by O2 molecules.
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1. Introduction

A nanocomposite is a multiphase solid material where
one of the phases has one, two or three dimensions of less
than 100 nanometers (nm), or structures having nano-
-scale repeat distances between the di�erent phases that
make up the material [1]. Regarding synthesis route and
an aim of production, a nanocomposite may be treated
as a matrix to which nanoparticles have been added to
improve or change a particular property of the material.
Nanocomposites are attractive researching subject both
from practical and theoretical point of view because of
combination of special properties [2].
Magnetic manganese ferrite nanocomposites and sim-

ilar to them can be used potentially as e�cient adsor-
bents, catalysts [3] or baseline modi�ed silica support for
putting of speci�c chemical functional groups. Highly
ordered mesoporous MCM-41 silica used as a support
is characterized by uniform pore diameter distribution,
large total pore volume and large speci�c surface area [4].
Free-volume structure in them is represented by primary
pores along with speci�c vacancy-type defects within
individual crystalline grains and intergranular bound-
aries. In any medium, the intrinsic lifetime of ortho-
-positronium (o-Ps) is reduced from 142 ns in vacuum
by the process called pick-o� annihilation. The o-Ps life-
time is dependent on the size of the pore in which the
o-Ps atom is trapped. This gives a possibility to use o-Ps
as a porosimetric probe to evaluate the average sizes in
the approximate range from a few tenths of a nanometer
to 100 nm. If the pores are partially or completely �lled
by some chemical species o-Ps living in localized states
long enough can undergo various processes e.g. chemical
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reactions and ortho-para conversion. Relevant processes
are called chemical quenching and paramagnetic quench-
ing, respectively [5]. Chemical reactions with so-called
inhibitors lead to inhibition of Ps formation and only
have an e�ect on values of o-Ps lifetime components in-
tensities. Chemical active centres scavenging electrons,
positrons, holes etc. also act as inhibitors. All phenomena
enumerated above may potentially give valuable informa-
tion on the structural and chemical properties of micro-
and mesoporous materials.
The aims of presented investigations was to give infor-

mation about porosity structure and pores �lling capac-
ity of MnFe2O4/MCM-41 nanocomposites.

2. Experimental

The samples of MnFe2O4/MCM-41 nanocomposites
with nominal Fe content equals to 5, 10, 20, and 40 wt%
at constant molar relation Fe/Mn as 2:1 were obtained in
two stages. First the mesoporous MCM-41 support was
prepared. Next the appropriate portions of Fe and Mn
from Fe(NO3)3·9H2O and Mn(C2H3O2)2·4H2O nitrate
ethanol solutions were embedded into silica support by
means of an incipient wetness impregnation method. The
samples were initially dried at 100 ◦C and next calcined
at 400 ◦C for 3 h. The relatively low calcinations temper-
ature allows to obtain as small as possible ferrite parti-
cles dimensions with maximum dispersion in the support.
From XRF results actual Fe contents were obtained, 4.3,
8.6, 17.2, and 35.2 wt%, respectively.
The porous structure of materials was analysed by the

N2 adsorption/desorption isotherms obtained volumetri-
cally at 77 K. The adsorption data were used to evalu-
ate the Brunauer�Emmett�Teller (BET) speci�c surface
area, SBET. The mesoporous structure was character-
ized by the distribution function of mesopore volume cal-
culated by applying the Barrett�Joyner�Halenda (BJH)
method [6].
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In PALS measurements the 22Na positron source sealed
in a kapton envelope was used. It was immersed be-
tween two about 2 mm thick layers of the powder sample,
pressed together by a screwed cap inside a small copper
container. This assembly was put in a vacuum chamber
allowing to obtain pressure of the order of 5 × 10−4 Pa.
Positron lifetime spectra were recorded at room tempera-
ture using a standard fast-slow coincidence spectrometer.
In order to minimize e�ects of summing in the coinci-
dence spectra so-called triangular geometry [7] was used.
In this geometry the samples were shifted outside of a
longitudinal axis of symmetry of two counter detecting
system. At such a setting the resolution time was 0.27 ns
(measured for 60Co source with 22Na windows set). The
time base of the PALS setup was 1 µs. The total counts
were not less than 108 for each spectrum measured in
vacuum or in air. The positron lifetime spectra were an-
alyzed using the LT program [8].

3. Results and discussion

The porous structure and surface properties of the
MCM-41 matrix change signi�cantly after incorporation

of MnFe2O4 into this support. Manganese ferrite takes
the form of nanoparticles and output material forms
nanocomposite. Surface areas (SBET) of nanocompos-
ite samples with di�erent ferrite content changing from
about 565 m2/g to 238 m2/g, respectively (see inset in
Fig. 1). These values are from twice to four times smaller
than that for pure MCM-41 equals about 1100 m2/g.
The shape of the N2 adsorption/desorption isotherms
(type IV isotherm according to IUPAC classi�cation [9])
shown in Fig. 2 for the samples (A), (B) and (C) (see
Table) indicated the formation of regular mesopores with
mean pore diameter (wd) of about 2.9 nm. A small and
�at hysteresis loop can be observed in the range of rela-
tive pressures ranging from 0.4 to 0.9 of relative pressure
p/p0 for the �rst three samples. This e�ect can indicate
the presence of the same irregularities in the structure of
silica mesoporous material, connected with slow develop-
ment of bottle-ink type pores. The hysteresis loop for the
MnFe2O4/MCM-41(D) (see Table) became big and steep
which suggests an appearance of more open free volumes.

TABLEThe lifetimes and intensities of o-Ps components measured in vacuum (p ≈ 5 × 10−4 Pa)
and in air for ferrite MnFe2O4/MCM-41 nanocomposites.

Sample
τ3 τ4 τ5 I3 I4 I5

[ns] [%]

empty MCM-41
vacuum

air

3.46(38)

2.56(36)

33.1(2.0)

17.84(88)

124.92(80)

73.09(51)

1.07(16)

1.36(21)

0.88(33)

1.97(25)

23.40(40)

18.36(37)

MnFe2O4/MCM-41(A)

4.3 wt% Fe

vacuum

air

2.00(23)

2.23(24)

10.54(51)

12.82(52)

40.46(87)

65.50(68)

6.01(44)

5.06(37)

3.27(22)

3.23(20)

2.50(24)

6.61(23)

MnFe2O4/MCM-41(B)

8.6 wt% Fe

vacuum

air

1.56(18)

1.89(19)

7.30(54)

9.98(47)

26.95(87)

54.01(97)

9.90(53)

7.70(47)

1.98(21)

2.37(19)

1.38(23)

1.93(17)

MnFe2O4/MCM-41(C)

17.2 wt% Fe

vacuum

air

1.49(29)

2.34(29)

6.74(79)

8.71(66)

26.6(1.1)

36.9(1.1)

4.11(56)

3.52(29)

1.08(18)

1.57(23)

0.92(24)

1.19(20)

MnFe2O4/MCM-41(D)

35.2 wt% Fe

vacuum

air

1.06(30)

1.72(33)

5.71(63)

7.08(71)

26.2(1.3)

28.8(2.1)

3.58(87)

1.63(32)

0.70(17)

0.77(19)

0.43(17)

0.19(18)

An increase of manganese ferrite loading induces dis-
tortion of the well-ordered MCM-41 structure and de-
crease of the total surface area of the samples. The typ-
ical for MCM-41 step on the isotherms at p/p0 value of
about 0.3 becomes less pronounced, and �nally disap-
pears for the (D) sample with the highest ferrite content.
Such e�ects are most probably connected with formation
of more and more bigger nanocrystallites and transforma-
tion of primary open pores into closed pores. In Fig. 1
pore sizes distributions (PSDs) calculated from the des-
orption isotherms by the BJH method are shown. In the
table given in this �gure average pore diameter values are
given. In the PSD obtained for the sample (D) a rela-
tively signi�cant part stretching out up to a radius of the
order of 50 nm appears. This part is related to pores sig-
ni�cantly bigger than primary ones (Rp ≈ 1.5 nm). To-

tal BJH speci�c pore volumes after initial drop insigni�-
cantly increase for the last three samples (see Fig. 1).

In Fig. 3 �ve di�erent PAL spectra for investigated
samples measured in vacuum (bottom part) and in air at
ambient pressure (top part) are presented. The intensi-
ties of the longest-lived component (τ5) measured in air
systematically decrease along with an increase of man-
ganese ferrite content in the samples. Simultaneously
rapid disappearance of this component can be observed
in the measurements in vacuum (see Fig. 3). In �tting
procedure it was assumed that they consist of �ve dis-
crete exponential components. The �rst two are very
short-lived, the former belonging in principle to the in-
trinsic decay of para-positronium (p-Ps, τ1 ≈ 0.13 ns)
and the latter which is related to the free positrons an-
nihilation (e+, τ2 ≈ 0.45 ns). The (τ2) component ori-
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Fig. 1. Pore sizes distributions determined from N2 ad-
sorption/desorption isotherms of the investigated sam-
ples by BJH method. APD � average pore diameter
obtained from adsorption.

Fig. 2. Nitrogen adsorption/desorption isotherms for
MnFe2O4/MCM-41 nanocomposites. For the sample la-
bels explanation and Fe content see Table.

gins on the one hand from annihilation of free positrons
trapped in vacancy clusters formed in ferrite nanopar-
ticles or on their surfaces [10], on the other hand from
positron annihilation in small structural open volumes in
amorphous silica walls. As one can see these observed
lifetimes are only mean values for several undistinguish-
able components comparable to the time resolution of the
measuring system. The component's (τ2) lifetime value
remains almost constant but its intensity changes from
about 40% in pure MCM-41 to about 90% in the sam-
ple (D) very similar for both series of measurements in

vacuum and in air. It is simply related to the increas-
ing number of manganese ferrite nanoparticles deposited
mainly on surfaces of MCM-41 walls.

Fig. 3. Positron annihilation lifetime spectra of four
MnFe2O4/MCM-41 samples measured in vacuum (a)
and in air (b) normalized to time of measurement. Back-
ground is subtracted.

In contrary to the PALS results in nanocrystalline
ferrites prepared by other method [11], in FeMn2O4/
MCM-41 nanocomposite a bulk lifetime component of
about 0.2 ns is not observed. In the papers [12] and [13]
the results of investigations of similar NiFe2O4(SiO2)
nanocomposites produced on the basis of amorphous sil-
ica by sol�gel method were reported. From PALS spectra
analysis lifetime relating to positron free annihilation in
the non-defective nanocrystalline grain volumes were de-
rived. This lifetime is equal to about 0.14 ns. In the
MnFe2O4/MCM-41 nanocomposites a component of life-
time in the same range was not found. It seems that in
the ferrite nanocomposite samples obtained by the wet-
ness impregnation route are defective in almost whole
volume. Moreover, even MnFe2O4 nanoparticles located
out of primary MCM-41 nanochannels do not aggregate
into larger nanocrystallites.
In the investigated samples three long-lived o-Ps com-

ponents were also observed in the positron lifetime spec-
tra. Detailed values of lifetimes and intensities are given
in Table. From the data obtained on intensities of o-Ps
components it seems that I2 increases mainly at the ex-
pense of the sum of intensities of all o-Ps components
for the measurements performed in air and almost to the
same extent at the expense of that sum and the �rst com-
ponent intensity in the case of measurements in vacuum.
The shortest-lived o-Ps component (τ3) is di�cult to

unique interpretation. It probably arises owing to the
pick-o� annihilation of o-Ps formed in the some kind of
small open-type voids on surfaces of amorphous MCM-41
silica walls which are larger than those in which positrons
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annihilate from free state. Components with lifetimes in
the order of (1÷2) ns were observed in thin �lms of amor-
phous silica [14] and they were interpreted as belonging
to o-Ps con�ned in voids of above mentioned type. The
medium-lived one (τ4) results from decay of o-Ps inside
of silica nanochannels and the longest-lived among them
(τ5) is related to the pick-o� annihilation of o-Ps trapped
in free volume in intergranular spaces of the material [15].

Fig. 4. The dependences of lifetimes (lower part) and
intensities (upper part) of the positron free annihilation
on Fe content for MnFe2O4/MCM-41 nanocomposites
measured in air at ambient pressure and in vacuum,
p ≈ 5× 10−4 Pa.

The o-Ps lifetimes and their intensities changes with in-
creasing manganese ferrite content for the samples in air
under ambient pressure are presented in Fig. 4. The life-
time τ3 remains principally constant and τ4 slightly de-
creases. According to our interpretation of these compo-
nents origin these characters of dependences indicate that
only inner spaces (pores) volumes somewhat lessen due
to �lling with ferrite In contrast to Fe-modi�ed MCM-41
silica [16], in which Fe is incorporated into silica walls in
the stage of MCM-41 making, also the (τ5) lifetime for
the manganese ferrite nanocomposite considerably de-
creases. As to intensities of the �rst two components,
I4 slightly decreases and I3 exhibits maximum for the
sample (B) both in vacuum and in air. The intensity
of the last component rapidly falls in relation to that of
pure MCM-41. It results from the lifetime and intensity
changes observed for the �fth component that the both
inhibition and quenching phenomena occur. Lifetime τ5
observed in MnFe2O4/MCM-41(A) composite measured
in air is about 10% smaller than the value observed for
pure MCM-41 in air (Table) while analogous di�erence
for measurement in vacuum for the same couple of sam-
ples is much larger. Di�erences in values of τ5 for the
last three samples measured in air related to the pure
MCM-41 monotonically increases. In the case of mea-

surements in vacuum the τ5 values after a rapid drop
remain almost constant for the samples (B), (C) and (D).
The di�erence between PALS spectra measured in vac-

uum and in air emerging as considerable larger intensity
of the longest-lived component in the latter medium can
be explained as follows. It is known that the adsorption
of small amounts of the molecules on the pore surface
increases the o-Ps lifetime, due to the blocking of ac-
tive sites on the pore surface causing partial quenching
of o-Ps [17]. In the case of the investigated samples prob-
ably a coating of MnFe2O4 deposits by monolayer of pre-
dominantly N2 molecules from air takes place. The N2

monolayer gives �lm thick enough to isolate semi-metallic
manganese ferrite with much lower electron density layer.
This kind of passivation of the manganese ferrite out-
weighs an e�ect of o-Ps quenching by an o-Ps to p-Ps
conversion in interaction with paramagnetic air oxygen
molecules.
At �rst glance it seems that there exist some discrep-

ancies between pictures of porosity structure of the in-
vestigated samples obtained from N2 adsorption/desorp-
tion measurements and by means of PALS method. The
most important one is related to the primary pore sizes.
These obtained from BJH method remain practically un-
changed for the �rst three samples whereas monotoni-
cally decreasing τ4 values suggest their decrease. The
reason of that is probably caused by chemical quenching
on which the N2 adsorption/desorption method is not
sensitive. Moreover, in the PALS spectra for the sample
(D) none additional positron lifetime component with a
lifetime value close to τ4 was not revealed while in PSD
distribution for the same sample a broad peak with max-
imum at 1.92 nm is present.

4. Conclusions

Information of MnFe2O4/MCM-41 mesoporous struc-
ture changes obtained from N2 A/D measurements seems
to be partially inconsistent to PALS results, which is at
least partially a natural consequence of considerable dis-
similarity of the used methods. The use of PALS method
to determine of pore sizes in such complex material is
impossible in a direct way. An interpretation of results
is made di�cult because of strong in�uence of disturb-
ing factors such as chemical quenching and inhibitions on
long-lived components parameters. The adsorption of air
molecules on the ferrite nanoparticles prevents chemical
quenching and inhibition of the o-Ps formation e�ects.
The obtained from PALS measurements data are result
of competition of two phenomena: practically switching
o� a pick-o� mechanism related to interaction of o-Ps
with chemical species occurring in MnFe2O4/MCM-41
nanocomposite and considerably weaker paramagnetic
quenching by oxygen molecules.
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