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Nanopowders ZnO, SiO,, Si0,/10 %V,04 obtained by sol-gel technology were investi-
gated by electron paramagnetic resonance (EPR) method at temperature of liquid nitrogen.
The structures of the samples are analyzed by X-ray diffraction method. Surface morphol-
ogy and chemical elementwise composition of powders were studied using scanning elec-
tron microscopy. For the nanocomposite SiO,/10 %V,05 structure of EPR spectrum is
described as a result of unpaired electron and isotope nucleus ®'V interaction. The pre-
vailed EPR signal in ZnO is hypothetically associated with single-charge vacancy in oxygen
sub-lattice.

Hanomopomku ZnO, SiO,, Si0,/10%V,05, monyuernsie mo sol-gel-TexHoOrMM, HCCIETO-
BaHBI METOZOM dJIEKTPOHHOI'O ITapaMarHuTHoro pesoHanca (SIIP) mpu TemmepaType KHIKOTO
asora. CTpykTypa o0OpasIloB NpPOaHAJIU3UPOBAHA C HCIIOJb30BAHHEM METOJapeHTreHOBCKOM
nudparknu. Mopdoorusa MoBepXHOCTH U XUMUYECKUIl 2JIeMEeHTHBIM COCTaB IOPOIIKOB U3Y-
yajicad CKAaHWPYIOOIUM 2JeKTPOHHBIM MHKpocKomoM. [na mamokommosuTa SiO,/10 % V,04
crpyxkTypa OIIP cmeKTpa mpunuchkIiBaeTcs pesyabTaTy B3aUMOeCTBUS HECHApPeHHOTO dJIeK-
TpoHA ¢ sxpoM maoroma °'V. Hovunupyomuii curgan IIIP B ZnO npeaBapuTeabHO CBABLI-
BaeTCs C OJHO3APSAJHON BaKaHCHEM B KHCJIOPOIHOII moapelieTKe.

In modern nanotechnologies, the oxide [5].

Introduction of nanoscale SiO, into

powders are among basic materials. Silicon
dioxide SiO, is traditionally used in medical
chemistry [1] and nanoelectronics [2]. This
compound is also widely used as modifier of
properties of other nanomaterials [3]. Thus,
nanocomposite ZnO-high-dispersed SiO,
shows 10-50 times more intensive photolu-
minescence in comparison to nano-ZnO [4],
which is used in luminescent gas sensors
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polymers causes considerable modification
of their supermolecular structure [6], and
such dopants contribute to high conduction
properties of proton conductors [7]. Surface
Si0, thin layer on magnetite elevates its
thermal stability [8].

The technical characteristics of SiO,
powder can be improved by introducing va-
nadium nanoclusters [9]. In synthesis of
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nanocomposite Si0,/V,05 at certain atomic
ratio V/Si, an important role belongs to for-
mation of vanadium pentaoxide microerys-
tals. Nanocomposite SiO,/V,05 is known
also as a catalyst system [10-12].

Practical usefulness of nanomaterials as
thermodynamically non-equilibrium systems
[13] substantially depends on their defects.
Thus, properties of nanomaterials, size ef-
fects, stability and reproducibility of char-
acteristics depend upon their structure
point defects. The electron paramagnetic
resonance (EPR) method is an informative
and sensitive instrument for the study of
nanomaterials [14]. By this method, ZnO
nanopowders were investigated under high
pressures [15]. EPR signals were detected
also in ZrO, — pure and doped by transition
ions [16, 17]. For nanopowders,the vacancy-
type structural defects are predominant and
cause the EPR signals.

The elementary defects of SiO, and V5,05
were investigated by different methods, in-
cluding the EPR technique (see e.g. [18-21]
and [22, 23], respectively). Features of cata-
lytic active centers in nanocomposite
Si0,/V,05 were investigated by EPR
method. The investigated samples of differ-
ent structure and morphology of the start-
ing oxides and final compounds [24-26]
were obtained by different methods. In [24]
Si0,/V,05 nanocomposite was obtained by a
five-fold incipient wetness impregna-
tion/drying with a final calcination on air.
Also, Si0,/V,05 was synthesized by ion ex-
change method in a film form with sub-
sequent drying at room temperature for two
days [25]. In [26], the nanocomposite was
obtained by flame pyrolysis with different
Si0,/V,0g5 ratios and values of surface
areas (40—-80 m?2/g). However, the features
of the obtained structure and the nature of point
defects and paramagnetic centres in nanomateri-
als have not been established reliably.

In this WOI'k, ZnO, S|02 and S|02/V205
composite nanopowders were studied by
EPR method. The characterization of the
nanopowders was carried out using X-ray
diffraction (XRD) patterns.

ZnQ, SiO, and Si0,/10 %V,05 composite
nanopowders were obtained by liquid-phase
method of sol-gel technology [27]. At the
final stage, the synthesized materials in
each individual case were stirred, washed
and dried up to the forming of fine pow-
ders. The surface morphology of the sam-
ples was studied using a REMMA-102-02
type scanning electron microscope (SELMI,
Ukraine) [28].
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Fig. 1. X-ray diffraction data for ZnO.

XRD analysis was performed using a STOE
STADI P Powder Diffraction System. The ar-
rays of experimental intensities and reflection
angles from the investigated patterns were ob-
tained using the above mentioned diffractome-
ter with a linear positional sensitive detector
PSD upon modified Ghinier geometry scheme,
with Bragg-Brentano modes for transmission.
Conditions of the measurements: pure CuKal
radiation (A = 1.540598 A); bent Johann type
[111] Ge-monochromator; 26/w-scaning; 26-
angle range is 4.000° < 26 < 120.000°; detec-

tor’s step is 0.480° (20); step scanned time
is 250 s. The apparatus certification was
carried out by standards NIST SRM 640b
(Si), NIST SRM 676 (Al;03) and NIST SRM
(LaBg).

The calculation of theoretical diagrams,
X-ray profiles and phase analysis were car-
ried out using of the program packet STOE
WinXPOW (version 2.21) [29]. The refine-
ment of crystalline structures of the phases
by Rietveld method (Thompson- Cox-Hast-
ing pseudo-Voigt function for approxima-
tion of X-ray reflexes) and for microstruc-
ture parameters calculation were performed
by means of program FullProff.2k (version
4.0) [30] from the packet WinPLOTR [31].

The EPR spectra were investigated using
Radiopan SE/X 2544 (Poland) and RE-1306
(Russia) radiospectrometers. The EPR sig-
nals were recorded at liquid nitrogen tem-
perature in a special cryostat [27] made of
sintered refined vitreous silica. Crystalline
structure, phase composition and the micro-
structure parameters were stated at room
temperature.

The XRD pattern of the ZnO powder is
shown in Fig. 1. In accordance with the ob-
tained experimental data and appropriate
mathematical treatment the ZnO sample is a
single-phase compound. The parameters of
structure refinement and crystallography
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Fig. 2. Williamson-Hall plot for ZnO.

data are the following: the structure type is
ZnO (zincite), Pearson symbol — hP4, Z = 2,
space group — Pé6smc, lattlce parameters —
a = 3.24985(1), ¢ = 5.20658(3) A, V = 47.622(1) A8,
Atom coordinates of Zn in (2b) position: 1/3
2/3 0.0; 1sotrop1c thermal parameter is

B;,, = 0.400(15) (A2), the same for O atom
in (2b) pos1t10n 1/3 2/3 0.3839(6);

B;,, = 0.31(7) (A2) The factors of reliabil-
1ty R, = 0.0360, R, = 0.0138, Ry = 0.00957;

3 93.

The average size of particles is <d> =
874.9(3) A and average maximal stress is
<g> = 0.041 %. Fig. 2 illustrates the Wil-
liamson-Hall plot for a sample where the
reciprocal peak widths B(20) =
[Bo(20)cosB]/L are plotted vs the reciprocal
lattice distances d* = (2sinf)/A, and Bg 1is
the line broadening. The resulting curve at
small d” values fitted using y(x) = cyx + ¢,
where ¢; and c, are constants determining
the <e¢> and <d> values respectively. The
deviation from the linear dependence B*(260)
is possibly caused by considerable contribu-
tion of the Gauss function to the descrip-
tion of the shape diffraction peaks.

The XRD pattern and refinement of crys-
talline structure of the SiO, powder are
shown in Fig. 3. The examined sample is sin-
gle-phase. The crystallography data and pa-
rameters of refinement are the following:
the structure type is SiO, (o-quartz at room
temperatures), Pearson symbol — hP9, Z = 3,
space group — P3;21, lattice parameters - a
= 4.91296(3), c = 5.40418(3) A V=
112.966(1) A3. Si atom coordlnates in (3a)
position: 0.53056(21) 0 1/3; B;y, = 0.49(2)
(Az), the same for O atom in (60) position:
0.4115(3) 0.1472(4) 0.1188(3); B,., = 0.86(4)
(A2). The factors of reliability: R = 0.0480,
R p—O 0650, Rp = 0.0325, RF—00382

= 4.24.

The average size of SiO, particles is <d> =

1095.4(1.1) A and average maximal stress is
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Fig. 4. Williamson-Hall plot for SiO,.
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Fig. 5. XRD patterns of SiO,/10 %V,04 (a),
and features in region of the first peak (b),
and in region of a-quartz reflection [011] (c).
In the insert (c) the top curve corresponds to
sample Si0,/10 %V,05 and the below curve
corresponds to crystalline SiO, as on Fig. 3.

<g¢>= 0.014 %. As in the case ZnO the Fig.
4 shows the Williamson-Hall plot.
Experimental XRD pattern of the sample
Si0,/10 %V,05 is given in Fig. 5a. The fea-
tures of XRD spectra are shown on the in-
serts b and ¢. In the XRD pattern the three

broad bands are observed at 20 ~ 10.1°,
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Fig. 6. SEM micrographs of the samples ZnO (a—c), SiO, (d, e), and SiO,/10 %V,04 (f) at different

marker size.

22.5°, and 70.0°. The broad diffuse halos at
20 ~ 22.5° and 70.0° are attributed to amor-
phous SiO,. The same characteristic of
broad peaks for the amorphous SiO, were
observed previously [10, 11]. The maximal
intensity reflection [011] (20 = 26.6°) at-
tributed to «-quartz and cause the addi-
tional peak (see insert c).

The first sharp double peak (26 values
are ~10.1° and ~10.5° respectively; see In-
sert b) of composite SiO,/10 %V,05, ac-
counting for data [32, 33] on nanostruc-
tured V5,05, can be attributed to the 001
maximum reflection of V,0g. The observ-
able peak 26 ~ 10.1° is strongly broadened,
obviously due to V,0g nanodispersion in the
composite. Thus, the nanocomposite
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Si0,/10 %V,05 contains the amorphous
Si0,, the additional phase of the crystalline
a-quartz and the high-disperse V,0Osg.

The element X-ray microanalysis showed
intense peaks of basic chemical elements
and traces of noncontrolled impurities, such
as Gd, Fe, Al, Ga, Mg, K. Due to the fea-
tures of characteristic X-ray radiation [34],
we can display the basic elements of nanopow-
ders in our case. However, the identification
of ion V (in nanocomposite) is complicated
because of energetically closeness of the char-
acteristic lines of ions O and V.

The typical micrographs of samples are
presented on Fig. 6. SEM technique demon-
strates the strongly sintered material. The
dimensions of structural elements were
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evaluated with the account of the authors’
warning [28, 35] to the SEM technique. In
nanocrystalline ZnO the large agglomerates
with dimensions of 50—-200 pm and with fri-
able structure are observed. They consist of
an ensemble of small particles with the di-
mensions ~0.08-0.10 um. In SiO, nanocrys-
talline powder, formation of microobjects
with dimensions ~6.2-12.5 um is observed. In
the synthesis conditions, the microstructures
of a "rosette” type are formed, grouped by
3-5 particles and forming chains.

The morphology of mnanocomposite
Si0,/V,05 surface is illustrated by Fig. 6f.
A polydisperse system is observable. The
nearly spherical microobjects were obviously
formed by conglutination of the individual
starting nanoparticles. In the observation
conditions, individual granules with a di-
ameter near 0.36-4.00 um are recorded.
The relatively compact superaggregates
with diameters of 0.60-0.80 um are pre-
dominant. The latter form groups of a wide
range of linear dimensions. In the case of
SiO5/(5-50 wt.%)V,0g [26], the SEM mi-
crographs are likely associated with the
amorphous structure. At high temperature
loading the sample seemed to organize in
small (100 nm) spheroidal particles.

The measurements of the EPR spectra
are performed at frequency f = 9.156 GHz
and liquid nitrogen temperature. The infor-
mation about quantity of the effective mag-
netic moment gives the spectroscopic split-
ting factor (g-factor). In general, g-factor
depends on direction. We suppose as in the
first approximation that there is the iso-
tropic factor of the spectroscopic splitting
(g*-factor). The magnitude of g”-factor is
estimated in the frame of general formalism
of the EPR method [36] for the one un-
paired electron in strong magnetic field
with induction B as in the first approxima-
tion of single line in condition of resonance
transition between two levels at frequency
fo = &°BBy/h. Here B is the Bohr magneton,

a
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Fig. 7. The typical EPR spectra of samples
Si0,/10 %V,05 (a, b), and ZnO (c) at 77 K.
The curve (a) is general spectrum, (b) is

dominate observed signal. On spectrum (c)
the separate signals (I-III) are signed.

B, is external magnetic field, and & is the
Planck constant.

Experimental study of EPR signals of
nanocomposite SiO,/10 %V,05 and ZnO
were previously described in work [87]. In
the case of SiO, nanopowder, no paramag-
netic centres are detected. The Fig. 7 illus-
trates typical EPR lines of investigated
nanopowders. Some parameters of the ex-
perimental observed EPR lines are given in
the Table.

The EPR spectra were measured for sam-
ples just after preparation. Longer storage
times of nanopowders led to weaker intensi-
ties of EPR signals.

In samples of Si0,/V,05 (Fig. 7 a—b) the
EPR line with partial structure resolution
are detected. The structure traces of meas-
ured line show high powder dispersion.
Components of EPR signal (see Fig. 7b) are
almost equidistant within the measurement
accuracy. It is obvious that the structure is

Table. The parameters (g”-factors and distance AB between limiting peaks of lines) of observe
EPR-signals (correspondingly to Fig. 7). Numbers (I-III) are corresponded to EPR-signals sign on

Fig. 7ec.
Number Material g*-factor AB, mT
1 Si0,—10 %V,04 2.001+0.001 0.60+0.09
2 Zn0O (I) 1.998+0.001 0.90+0.09
(IT) 1.975+0.001
(I1I) 1.960+0.001
452 Functional materials, 16, 4, 2009
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a result of splitting due to one unpaired
electron coupling with nuclear spin of iso-
tope 51V (natural content is 99.75 %, spin
of nucleus is I = 7/2 [18]). The estimate
of the magnitude of splitting constant is
og = 0.19 mT (defined as distance between
components of structure). For interaction of
one electron with one nucleus of 51V, 2I + 1 =
8 components of EPR spectrum are expected
from calculations.

In the conditions of experiment the reso-
lution of spectrum is insufficient. However,
separation of the components of structure is
complicated. The overlap of components is
connected with possible broadening of lines
(due to nanodispersion) and with the features
of their intensity distribution [38]. At small
anisotropy of g-factor in the system of chaoti-
cally oriented centres the intensities of lines
are exactly characterized [18] by heterogene-
ous distribution. The intensities of the ex-
treme lines with respect to the central line
are inversely proportional to the distance be-
tween them (1/2 exponential law).

There are different views about the na-
ture of EPR signals in nanocomposites
Si0,/V,05. Thus, EPR signals were charac-
terized by quite strong lines and associated
by authors with paramagnetic V4*-contain-
ing phases [24]. In [25], the EPR spectrum
exhibits lines due to the hyperfine coupling
of one unpaired electron with the 3'V nu-
clear spin in an axially distorted crystal
field. Moreover, silica matrix practically
does not affect the V,05 structure and V5*
centres were not reduced to V4*, suggesting
a weak interaction between the inorganic
polymers (polyhedrons). The same EPR sig-
nals were detected in V,0g xerogel. EPR
revealed V4*—~O groups [26] in VO,/SiO, ca-
talysis pointing out normally from the com-
pound surface and sitting in the centre of a
surface array of oxygen atoms, suggesting
that g;<g, could be attributed to tetrago-
nal distortion.

In accordance to obtained results [24,
26], the parameters (intensity, width) of
EPR line and its hyperfine structure and
the value of g-factor of EPR-signal in nano-
composite SiO,/V,05 strongly depend on
preparation conditions.

The observable paramagnetic centre in
Si0,/V,05 is formed in the nearest coordi-
nating sphere of V ion. The structure of the
measured EPR spectrum testifies about
high-disperse form of the compound (see
also XRD and SEM data) and interaction of
unpaired electron with nucleus of vanadium
(®V). The V%% in EPR is not detected. In
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accordance with the data [24-26] the EPR
spectra of the quinquivalent vanadium con-
tained materials are connected with V4* ion.
In this case unpaired electron interacts with
nucleus of 51V.

As an alternative hypothesis we propose
a probable link of the registered EPR-signal
in Si0,/V,0g with an oxygen vacancy with
one electron in its action field. The same
electron presumably interacts with the 51V
nucleus. The vacancies as mentioned above
are the basic point defects in nanopowders.
The EPR signal in nanopowder ZrO, was
ascribed [16] to the surface oxygen vacancy
with a weak localized electron what is char-
acterized by isotropic g-factor 2.003 and
linewidth AB = 0.5 mT.

Fig. 7c shows typical EPR spectra for
ZnO nanopowder. Complex spectra with
lines (I-III) are observed. The low intensity
EPR-signals are registered in the lower and
in the higher fields with respect to the cen-
tral line. The EPR-signals with similar form
and values of g-factors were detected at
room temperature for nanopowder ZnO (the
free surface is 8.6 m2/g, p.a. Kemika, Za-
greb) depending on external pressures up to
8 GPa [15]. At the same time in this ZnO
nanopowder before pressing no EPR-signals
were observed. For disperse ZnO under
other conditions [15] paramagnetic centres
were detected.

For pressure-compacted samples of ZnQO,
in accordance with EPR data analysis and
comparison with the crystalline analog, val-
ues of g-factor of 1.96 to 2.02 are given
[15]. The intensities of the six centres non-
linearly depended on pressure and tempera-
ture treatment. The dominant EPR signals
were associated with the complex "double
vacancy of Zn” and "vacancy of Zn".

Our measurements show that the major
EPR signal (I) is most likely associated with
single-charged oxygen vacancy (g* = 1.9976,
see the Table; the near values of g-factors
gl = 1.9965+0.0008 and g; = 1.9950+0.0008
were obtained by authors [15] in case of the
same single vacancy). The intensities of the
remaining observed lines (Fig. 7c) are small.

In [39], the EPR signal with the men-
tioned g-factor was ascribed to oxygen va-
cancy as well as to interstitial oxygen ion.
We make preference to the first assumption
since the interstitial oxygen ion exists in
specially treated ZnO samples [28]. In [40],
an oxygen vacancy with one unpaired elec-
tron coupled with isotope 87Zn (natural con-
taining is 4.11 %, spin of nucleus is I = 5/2)
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was recorded by EPR method, as well as
fine structure components. As in ref. [41],
it was ascertained by EPR method that the
donor-acceptor centres in powder ZnO were
created in the presence of univalent impuri-
ties of alkali metals or intrinsic defects that
are connected with deviation of
stoichiometry.

Consequently the dominating signal (I) in
the investigated ZnO can be connected with
oxygen vacancies. The signals (II) and (III)
(see Fig. 7c), as in [15, 40], are associated
with shallow donor center and uncontrolled
impurity (SEM data shows the presence of
impurities) respectively. The low-intensity
EPR signals are not identified as a result of
low intensity (signal/noise ratio is nearly 1).

The nature of dominating paramagnetic
centres is hypothetically ascribed to oxygen
vacancy with one electron in its action
field. As it is obvious from the performed
experiments and from the analysis of litera-
ture data the establishment of nature of the
paramagnetic centres is complicated what
demands additional investigations. This
problem is caused by complex composition
and defect structure of nanodispersed sys-
tems, by the great function of surface
states and by tendency to complexation in
nanopowder ZnO as well as in nanocompo-
site S|02/V205.

Summing up, nanopowders ZnO, SiO,,
and composite SiO,/V,0g obtained by sol-gel
technology have been investigated using
XRD, SEM, and EPR methods as continu-
ation of our measurements on pressed sam-
ples [42]. The obtained XRD and SEM re-
sults show satisfactory correlation with ref-
erenced structural data for corresponding
compounds. The XRD pattern of the nano-
composite SiO,/10 % V,0g5 demonstrates the
amorphous SiO,, the additional phase of the
crystalline «-quartz, and high-disperse
V,0g. The SiO, and ZnO are single-phase
nanopowders. The dimensions of nanograins
obtained by XRD methods are smaller than
the same dimensions obtained from SEM re-
sults. This is an evidence of aggregation of
nanoparticles and formation of agglomer-
ates of micro-dimensions.
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0co0JHMBOCTI CTPYKTYpPH Ta mMapaMarHiTHI IeHTpH
B OKCHAHHUX HAHOIOPOIIKAX

B.H.llleewyx, A.I1.ITono6euu, IO.M.Ycamenko,
I1.10.lemuenko, P.A1.Cepkis

Hanmomopomku ZnO, SiO,, Si0,/10 %V,04, orpumani sa sol-gel- Texnoxoriero gocmimie-
HO METOIOM eJIeKTPOHHOro mapamarHiTHoro pesomamcy (EIIP) mpu Temmeparypi pimkoro
asory. CTpyKTypy 3pasKiB IpoaHai30BaHO 3 BUKOPHCTAHHAM METOLY PEeHTreHiBChbKOI mmp-
pakii. Mopdosorito mosepxHi Ta XiMiuHuil e1eMEeHTHUH CKJIAJ IIOPOMIKiB BUBUYEHO CKAHYIO-
uuM eNeKTPOHHMM Mikpockomom. [lirs mamoxommosury SiO,/10 %V,0g crpykrypa EIIP
CIIEKTpa IPUINCYETHCS PE3YJIbTATY B3AEMOJIl HeCIapeHOTo eJeKTpOHa 3 AApoM isoromy 2'V.
Oowmimyrouunit curaan EIIP y ZnO momepefHbo MOB’ABYETHCA 3 OJHO3APALHOI BAKAHCIED Y

KUCHEBiN migrparii.
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