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Abstract. In this paper, results of positron annihilation lifetime spectroscopy (PALS) studies of MnFe,O,/MCM-
-41 nanocomposites in N, and O, atmosphere have been presented. In particular, the influence of manganese
ferrite loading and gas filling on pick-off ortho-positronium (0-Ps) annihilation processes in the investigated
samples was a point of interest. Disappearance of the longest-lived o-Ps component with ts present in the
PAL spectrum of initial MCM-41 mesoporous material in the PAL spectra of MnFe,O,-impregnated MCM-41
measured in vacuum is a result of either a strong chemical 0-Ps quenching or the Ps inhibition effects. The intensity
I, of the medium-lived component initially increases, reaching a maximum value for the sample with minimum
manganese ferrite content, and then decreases monotonically. Analogous dependence for the intensity I5 of
the shortest-lived component shows a maximum at higher MnFe,O, content. Filling of open pores present in the
studied nanocomposites by N, or O, at ambient pressure causes partial reappearance of the t, and ts components,
except a sample with maximum ferrite content. The lifetimes of these components measured in O, are shortened
in comparison to that observed in N, because of paramagnetic quenching. Anti-inhibition and anti-quenching
effects of atmospheric gases observed in the MnFe,0,/MCM-41 samples are a result of neutralization of some
surface active centers acting as inhibitors and weakening of pick-off annihilation mechanism, respectively.
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Introduction

A nanocomposite is a multiphase solid material in
which one of the phases has one, two, or three di-
mensions of less than 100 nm or structures having
nanoscale repeat distances between the different
phases that make up the material [1]. The mechani-
cal, electrical, thermal, optical, electrochemical,
and catalytic properties of the nanocomposite will
differ markedly from that of component materials.
Regarding synthesis route and a purpose of fabrica-
tion, 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
from both practical and theoretical point of view
because of the possibility to get nanomaterials with
determined functionality.

In the practical applications, the knowledge
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lifetime of ortho-positronium (o-Ps) is reduced from
142 ns in vacuum by the process called pick-off
annihilation. Hence, the o-Ps lifetime is dependent
on the size of the pore in which the o0-Ps atom is
trapped. This gives a possibility to use o-Ps as a po-
rosimetric probe to evaluate the average sizes in the
approximate range from a few tenths of nanometer
to 100 nm. A complete or partial filling of the pores
by some chemical species is a source of occurrence
of various processes to which o-Ps living in localized
states long enough is subject. The examples of such
phenomena are chemical reactions and scattering
on paramagnetic molecules associated with spin-
-flop transition. As a result of those processes, the
pick-off lifetime of o-Ps may be further shortened.
Relevant processes are called chemical quenching
and paramagnetic quenching (or ortho-para conver-
sion), respectively [5]. Chemical reactions with the
so-called inhibitors, in turn, lead to inhibition of Ps
formation and only have an effect on values of 0-Ps
lifetime components intensities. Chemically active
centers scavenging electrons, positrons, holes, and
so on also act as inhibitors. All phenomena enumer-
ated above may potentially give valuable information
on the structural and chemical properties of micro-
and mesoporous materials, on the one hand, and
they may make obtaining quantitative results on pore
sizes hard or even impossible, on the other hand.

Also, attempts have been made to create a model
using a positron component, which could be ap-
plicable when 0-Ps is not formed in available free
volumes [6].

A lot of efforts so far have been made in order to
properly take into account the effects of pore surface
chemistry, gas filling [7] on relation between pore
sizes, and o-Ps lifetimes.

Highly ordered mesoporous MCM-41 silica can
be used as a support for magnetic ferrite nanopar-
ticles or, after being modified, as a support for
putting of specific chemical functional groups. It
is characterized by uniform pore diameter distri-
bution, large total pore volume, and large specific
surface area [8]. Free-volume structure in them is
represented by primary pores along with specific
vacancy-type defects within individual crystalline
grains and intergranular boundaries.

The aim of presented investigations was to give
more details concerning the influence of gaseous N,
and O, adsorbed in MnFe,O,/MCM-41 nanocompos-
ites on mean lifetime of 0-Ps. Additionally, possibility
to use PALS method for the quantitative or semi-
-quantitative characterization of internal structure
of such materials in the microscale is examined.

Experimental

The samples of MnFe,O,/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 high surface
mesoporous MCM-41 support was prepared. Next
the appropriate portions of Fe and Mn from iron
nitrate Fe(NOs); x 9H,0O and manganese acetate

Mn(CH;COO), x 4H,0 ethanol solutions were em-
bedded 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-calcination temperature
has been dictated by intention to obtain as small as
possible ferrite particles dimensions with maximum
dispersion in the support. Next the samples were
examined by XRF (X-ray fluorescence) method.
From XRF results, actual Fe and Mn contents were
obtained. Their values are equal to 4.3, 8.6, 17.2,
and 35.2 for Fe wt%, 2.2, 4.3, 8.9, and 17.9 for Mn
wt% and for the samples denoted in this paper by
A, B, C, and D, respectively.

The investigations regarding the surface mor-
phology for the investigated samples have been made
using two techniques: scanning electron micros-
copy (SEM) and transmission electron microscopy
(TEM). The apparatus used for SEM character-
ization is a Tescan Vega3 LMU microscope using
secondary electrons as signal with the acceleration
voltage of 30 kV. For microstructure characteriza-
tion, we have used a TEM FEI Tecnai G2 20 X-TWIN.

In PALS measurements, the *Na positron
source sealed in a Kapton envelope (8 um thick)
sandwiched between two identical sample pellets
of about 2 mm thick was used. This assembly was
put in the vacuum chamber equipped with a gas
handling system to admit high-purity nitrogen (N
5.0, BOC Gazy) and oxygen (O 4.5, Air Products).
The used turbomolecular pump allows us to obtain
vacuum of the order of 5 x 10 Pa. Positron lifetime
spectra were recorded at room temperature using
a standard fast-slow coincidence spectrometer with
pulse pile-up inspection. The spectrometer was
equipped with two scintillation counters consist of
cylindrical BaF, coupled to XP2020Q photomulti-
plier tubes. The geometry excluding the possibility
of summing effects was used [9]. Because of, in
porous media, a substantial number of 0-Ps atoms
annihilates intrinsically into 3y-quanta mode, energy
spectrum in such annihilation mode is continuous,
extending from 0 to 511 keV. Thus, to improve the
efficiency of counting, the stop energy window in
the spectrometer was widely open (80% of the en-
ergy range). At such a setting, the resolution time
was 270 ps (measured for ®°Co source with *Na
windows set). The time base of the PALS setup was
1 ps (8192 channels). The total counts were not less
than 102 for each spectrum measured in vacuum or
in air. Before starting measurement in vacuum, each
sample was outgassed at 200°C for 8 h. In order to
avoid the influence of dynamic effects associated
with gas filling processes [10] on PALS results, the
spectra were started to measure after about 120 h
from the moment of filling up the sample chamber
with gas. After that time interval, all annihilation
parameters were stabilized what was checked by
observing 3-h spectra time evolution.

The positron lifetime spectra were analyzed using
the LT9 program [11]. A source component 0.382 ns
(annihilation in Kapton foil) of intensity in the range
of about (11+13)% was taken into account in lifetime
data processing.
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Fig. 1. The SEM images of the mesoporous silica: (a)
empty MCM-41 and (b) MnFe,O,/MCM-41(B).

Results and discussion

The porous structure and surface properties of the
MCM-41 matrix change significantly after incorpo-
ration of MnFe,0, into this mesoporous support.
Manganese ferrite takes the form of nanoparticles
and output material forms nanocomposite. The SEM
images of the mesoporous MCM-41 silica obtained
for empty template and sample MnFe,O,/MCM-
-41(B) are presented in Fig. 1. The sample with pure
MCM-41 silica (Fig. 1a) shows a more granular
form in comparison with the impregnated MCM-41
sample (Fig. 1b). The first sample shows a well-de-
tined spherical morphology with small agglomerates
with sizes between 300 and 500 nm, whereas the
other sample exhibits more compact and smoother
morphology of surface with bigger non-spherical par-
ticles. The microstructure of the obtained samples is
clearly revealed by TEM. Figure 2 shows the images
for the low- and high-loaded MnFe,O,/MCM-41
silica. Once again the MCM-41 support with low
content of MnFe,O, (Fig. 2a) shows spherical shape
with a highly ordered hexagonal long-range array of
the channels. TEM image of MnFe,0,/MCM-41 (D)
sample (Fig. 2b) shows that the mesoporous struc-
ture is preserved and the nanocrystallites of manga-
nese ferrite are located in nanochannels of MCM-41
silica. The length of nanochannels observed at TEM
images is in the same range as a size of particles that
are visible on the SEM images.

In Fig. 3, five different PAL spectra for investi-
gated samples measured in O, atmosphere (bottom
panel) and in N, at ambient pressure (top panel)
are presented. All the spectra can be well decom-
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Fig. 2. The TEM images of the nanocomposite samples:
(a) MnFe,0,/MCM-41(B) and (b) MnFe,O,/MCM-41 (D).
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Fig. 3. Positron annihilation lifetime spectra of empty
MCM-41 and four MnFe,0,/MCM-41 samples measured
in N, (upper) and O, (below) under 10° Pa pressure,
normalized to time of measurement. Background is
subtracted.

posed into five discrete exponential components.
The first two are relatively short-lived. The former
belongs in principle to the intrinsic decay of para-
-positronium (p-Ps, 1, ~ 0.13 ns) and the latter is
related to the free annihilation of positrons trapped
at defects located in the amorphous silica walls
[12] or in vacancy clusters existing in the bulk of
ferrite nanoparticles [13] or on their surfaces [14].
The observed value of 1, ~ 0.45 ns is an average
value for two above-mentioned groups of positrons.
The 1, parameter was fixed in the fitting procedure
in order to obtain acceptable standard uncertainties
for the parameters of long-lived 0-Ps components.
The second component’s lifetime value t, remains
almost constant but its intensity changes from about
39% in pure MCM-41 to about 90% in the sample
(D) very similar for all series of measurements in
vacuum, in O, and Ny. It is simply related to the in-
creasing amount of manganese ferrite nanoparticles
deposited mainly on surfaces of MCM-41 walls.

In contrary to the PALS results in nanocrystalline
ferrites prepared by other method [15], in MnFe,O,/
MCM-41 nanocomposite, a bulk lifetime component
of about 0.2 ns is not observed. From PALS analysis,
the lifetime and intensity relating to positron free an-
nihilation in the non-defective nanocrystalline grain
volumes were derived for analogous NiFe,0,(Si0,)
composite obtained by sol-gel method [16, 17]. The
lifetime, denoted by authors as 7, is equal to about
0.14 ns. In the samples investigated by us, MnFe,O,/
MCM-41 nanocomposite a component of lifetime
in the same range was not found. One can con-
clude that in the manganese ferrite, nanocomposite
samples obtained by the wetness impregnation route
are defective in almost all volume.

In the investigated samples three long-lived 0-Ps
components were also observed in the positron
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Table 1. The lifetimes and intensities of 0-Ps components measured in vacuum (p ~ 5 x 10 Pa), N, and O, for ferrite
MnFe,0,/MCM-41 nanocomposite samples. The results for measurements in vacuum are taken from [18]

T3 T4 Ts5 13 I4 15
Sample
[ns] [%]
vacuum 3.46(38) 33.1(2.0) 124.92(80) 1.07(16) 083(33) 23.40(40)
Empty MCM-41 N, 097(22) 27.1(L7) 12441(71) 3.25(59) 0.72(25) 22.51(38)
0, 176(23) 6.95(49) 16.94(53) 11.97(57) 7.63(41) 6.28(51)
vacuum 2.00(23) 10.54(51) 40.46(87) 6.01(44) 327(22) 2.50(24)
MnFe,0/MCM-41(A) 43 wi% Fe N,  1.97(18) 12.57(43) 69.37(83) 6.03(37) 3.42(23) 3.91(25)
0, 195(28) 802(55) 2352(57) 7.33(54) 438(31) 4.94(36)
vacuum 1.56(18) 7.30(54) 26.95(87) 9.90(53) 198(21) 1.38(23)
MnFe,0/MCM-41(B) 8.6 wt% Fe N,  1.66(14) 9.75(44) 48.40(1.0) 9.12(47) 2.31(22) 1.41(19)
0, 172(22) 649(53) 20.98(79) 7.85(49) 2.61(26) 143(27)
] . vacuum 1.49(29) 6.74(79) 26.60(1.1) 4.11(56) 1.08(18) 0.92(24)
lg’énFezo“/MCM 4O 172wt% T 14725 6.98(61) 28.29(95) 4.17(50) 1.18(19)  0.95(20)
0, 152(67) 481(21) 14.80(1.7) 1.22(30) 1.50(1.4) 0.20(27)
vacuum 1.73(33) 7.14(73) 29.3(22) 1.63(32) 0.77(19) 0.19(18)
MnFe,0/MCM-41(D) 352 wi% Fe N,  1.14(30) 6.14(64) 27.3(13) 2.85(73) 0.67(12) 0.38(16)
0, 143(1) 470(1.0) 15.6(22) 1.33(51) 0.52(29) 0.13(25)

lifetime spectra. Detailed values of their lifetimes
and intensities are given in Table 1 and are presented
in Fig. 4. For the comparison in this table, the life-
times and intensities measured earlier [18] are also
quoted. For pure MCM-41 sample under different
atmospheres, the component with the lifetime 7;
ranging from 3.5 to 1.5 ns arises owing to the pick-
-off annihilation of o-Ps formed in the some kind of
open-volume defects on the surfaces of amorphous
silica walls. In the nanocomposite samples, the life-
time of this component at first rapidly decreases for
the sample MnFe,0,/MCM-41(A) and then dimin-
ishes only slightly as ferrite loading increases. The
values of <5 are practically independent on the kind
of gas filling sample. It suggests that this component
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Fig. 4. The dependences of lifetimes (lower panel) and
intensities (upper panel) of the three 0-Ps components
on Fe content for the MnFe,O,/MCM-41 nanocomposites
measured in N, and O, at atmospheric pressure.

is related mainly to the defects of closed type. For
measurements in N, atmosphere, I5 increases by
about three times and achieves a maximum in the
sample MnFe,0,/MCM-41(B) in order to fall to
about 3%. A course of I5 dependence measured in
O, is very similar but with lower values at higher
ferrite contents and quite surprisingly much higher
value for pure silica. It seems that a screening ef-
fect of silica surface coverage by O; is significantly
stronger than a screening for ferrite surfaces.

The lifetimes from about 1.9 to 3.2 ns related
to the pick-off annihilation of o-Ps atoms formed
inside large voids for bulk nanocrystalline ferrites
were observed in [13]. They are close to that in our
measurements what can explain increase of I5 with
the increase of ferrite content.

The medium-lived component 1, results from
decay of o-Ps trapped inside of silica nanochan-
nels, and the longest-lived component 75 is related
to the pick-off annihilation of 0-Ps formed in free
volumes in intergranular spaces of the material [19].
For the manganese ferrite composite samples, the
lifetime t4 is reduced by factor of three. Accordingly
to our interpretation of these components origin,
these characters of dependences indicate that in-
ner spaces (pores) volumes lessen owing to filling
with ferrite. In contrast to Fe-modified MCM-41
silica [20], in which Fe is incorporated into silica
walls in the stage of MCM-41 making, also the 75
lifetime for the manganese ferrite nanocomposite
considerably decreases. Generally, the intensities I,
and I5 decrease with increasing ferrite content, but
simultaneously, their values obtained for the nano-
composite samples measured at N, or O, atmosphere
samples are slightly bigger in comparison to those
observed in vacuum. It is right only for samples with
ferrite content of up to about 9% what indicates both
the inhibition and quenching phenomena occur.

The difference between PAL spectra measured
in O, and N, manifesting as considerable larger in-
tensity of the longest-lived component in the latter
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medium is caused mainly by ortho-para conversion
occurring only for oxygen. However, it seems that
the differences in chemical interaction and screening
effect because of the blocking of active sites on the
pore surface for the both used atmospheric gases
may play a certain role [21]. Moreover, it is pos-
sible to observe long-lived components in positron
lifetime spectra even by using strongly quenching
o0-Ps gas, which is oxygen.

Conclusions

The use of PALS method in a direct way to deter-
mine the pore sizes in complex material such as
nanocomposites containing components with high
electron densities is impossible using currently ex-
isting models. An interpretation of results is made
difficult because of strong influence on disturbing
factors such as chemical quenching and inhibition
on parameters of long-lived components. The chemi-
cal quenching effect and also inhibition of the o-Ps
formation must be prevented or at least weakened
by an adsorption of gas chosen to a specific sample.
This could allow one to use the positron annihilation
parameters in investigation of its porosity. In order
to use PALS technique for obtaining quantitative
results in composite materials development of new
model is needed, which would take into account
not only the size of pores but also the quenching
processes and the inhibition of Ps formation.
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