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At present silicates of one of the rare earth elements, such as neodymium, are used in various fields of
technology as materials or components for lasers, solid state fuel cells, ceramics and others because of
their optical, electrical, chemical and mechanical properties. Among them, Ndg33SicO26 With apatite type
structure occupies a significant place because of its electrical properties, as ionic conductor. In many
cases, neodymium silicates are obtained by high-temperature synthesis, above 1400 °C. In our work the
formation of Ndg33SisOz in silica matrix is shown at lower temperatures. By XRD method phase
transformations in composites neodymium oxide - fumed silica with various molar ratios of components in
the range of 1:1 to 1:20 were studied. With involvement of elemental analysis and electrical
measurements, the formation of neodymium silicate with an apatite type structure was found in all the
samples starting at the temperature of 920 °C. Formation of neodymium mono- or disilicate (Nd»SiOs or
NdSi»Oy) is observed only at temperatures around 1400 °C with a stoichiometric ratio of neodymium and
silicon oxides (1:1 or 1:2). In our opinion, Ndg33SisO2 is an intermediate phase in the formation of other
neodymium silicates in such composites. As the X-ray and elemental analysis showed, the structure of
Ndy 33SisO2s differs from perfect by larger values of the parameters of hexagonal unit cell and much
smaller factor of site occupation of 4f neodymium atoms. The composite obtained by annealing of oxides
Nd,O3 and fumed SiO, with a ratio of 1:20 at 1050 °C for 4 hours has an ionic conductivity on oxygen
with specific conductivity value of 10°-10* Ohm™cm™ in the temperature up to 200 °C as indicated by
the linearity of this dependence. The composite Ndg 33SisO2 — SiO, with ratio of initial oxides 1:20 also
exhibits photoluminescent properties due to the multiband absorption spectrum in the UV and visible
region in ranges about 200, 600, 800 nm.

Keywords: neodymium silicate, apatite structure, ionic conductivity, fluorescent properties, XRD and
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INTRODUCTION ratios. Temperature scale of the phase diagrams
denotes from about 1400 °C due to the perfect
structure formation of the silicates under high-
temperature synthesis. But the temperature can
be reduced by using modern methods of
synthesis with suitable precursors, such as
different modifications of sol-gel synthesis,
thereby good miscibility of the components and
homogeneity of reaction mixture are achieved
[9-12]. In our previous research [13-16],
concerning to phase transformations in the
composites based on rare earth oxides and fumed
alumina and silica, neodymium silicate was
detected with apatite type structure at nontypical
ratio of Nd>O3 and SiO; as 1:16 and annealing
temperature of 1050 °C. It is known that silicate
Nds33SisO26 has ionic conductivity on oxygen,
and neodymium compounds are used in optics

At present silicates of rare earth elements are
used in various fields of technology as materials
or components for lasers, solid state fuel cells,
ceramics and others because of their optical,
electrical, chemical, and mechanical properties.
Among them, neodymium silicates occupy a
significant place. There are silicates — Nd;SiOs,
Nd2Si207, Ndg33SisO26 and their solid solutions
with other elements instead of Nd and Si [1-5].

According to the experimental and
theoretically predicted phase diagrams of the
system Nd20s-SiO,, three compounds of above
neodymium silicates, their mixtures with Nd.Os;
and SiO; are present [5-8]. These neodymium
silicates are formed at ratio of Nd,Os:SiO, as
1:1 (NsziOs), 7:9 (Nd9,338i5025), 1:2 (Nd28i207)
and coexist with Nd,Os and SiO, when other

© 0.1. Oranska, Yu.l. Gornikov,
A.V. Brichka, S.M. Makhno, 2017 376



Low-temperature formation of apatite structure of neodymium silicate in silica matrix

[17-20]. Therefore, composites based on fumed
silica containing silicate Ndg33SisO2 may be of
interest in terms of electrical and optical
properties. In this work phase transformations in
composites of Nd,O3z and fumed SiO, with their
different ratios and temperatures of treatment up
to 1400 °C have been studied.

EXPERIMENTAL

As start reagents a fumed silica with specific
surface area of 300 m?/g (Kalush experimental
plant of Chuiko Institute of Surface Chemistry)
and neodymium oxide (RETC 6-09-3948-87)
were used. Molar ratio of NdOs; and SiO;
changed from 1:1 to 1:20. Characteristics of the
composites are presented in Table 1. Initial
mixtures were prepared by grinding of oxides in
an agate mortar until to homogeneous state. The
samples were annealed in a muffle furnace
(SNOL-1.8, USSR) in air at 1050 °C for 2-4 h
and heated in the furnace of a derivatograph
Q-1500D (firm MOM, Hungary) to 1400 °C.

XRD patterns of the samples were obtained
at a DRON-4-07 diffractometer (Firm
“Burevestnik”, Russia) with filtered CuK,
radiation in geometry of Bregg-Brentano in 26

Table 1. Characteristics of composites

range of 10-80°. Phase identification was
performed wusing the database of JCPDS.
Rietveld refinement of structure parameters of
the samples was carried out with FullProf Suite
software. Particle morphology was studied with a
scanning electron microscopy instrument MIRA3
LMU, TESCAN with a resolution of 1nm.
Energy-dispersive spectroscopic chemical analysis
was carried out on an attachment to SEM — Oxford
X-MAX (Great Britain), 80 mm? with a uncertainty
of +1%. Conductivity was measured by a two-
contact method with a frequency of 0.1, 1, 10 kHz
by means of an E7-14 immitance measuring
instrument in the temperature interval 20-200 °C.
Complex conductivity was investigated by means
of an impedance spectrometer Solartron S1 1260 in
the frequency range of 107 to 10° Hz. Absorption
spectra were recorded on a spectrophotometer
Specord M40 in the wavelength range of
ultraviolet and visible light from 200 to 900 nm.
Fluorescence spectra were recorded on a
fluorescent spectrometer LS-55, Perkin Elmer
(USA) under excitation with light of the
wavelength of 240 nm.

Sample Molar ratio Content of SiO2 Expected compound according to

No Nd203:SiO2 mol. % phase diagram

1 11 50 Nd,SiOs

2 7:9 56 Ndg.33SisO26

3 2:3 60 Ndo.33SisO26

4 1:2 67 NszizO7

5 1:10 91 Nd,Si,O7 + SiO,

6 1:20 95.3 Nd,Si,O7 + SiO,

RESULTS AND DISCUSSION

Preliminary X-ray diffraction data on the
composite 6 have shown that formation of
hexagonal Ndg33SisO2 occurs since the
temperature of 920 °C and continues at least
until 1050 °C. Diffraction patterns of the
samples annealed at 1050°C for 2h are
presented in Fig. 1. It is seen that in all cases
Ndg33SisO2 is observed. Amount of Nd»Os
decreases with increasing of silica content and
annealing time as it is clear from Figs. 1, 2.

Annealing at this temperature leads to
compaction of the samples without silica
crystallization. At the same time, in the presence
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of some other oxides fumed silica is capable to
crystallize to cristobalite form [21-23].

Further heat treatment of the samples was
performed using a furnace derivatograph upon to
1400 °C with the simultaneous recording of the
weight loss curve (TG), the differential weight
loss curve (DTG) and the differential thermal
analysis curve (DTA). The thermographic curves
of all samples showed a similar appearance and
they are presented in Fig. 3 for the sample 6
only. Weight loss and respective thermal effects,
observed up to ~800°C, are related to
decomposition of neodymium hydroxide, which
is a source of neodymium oxide in the
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composites. In high temperature range of
800-1400 °C no weight loss or visible thermal
effect is observed. DTA curve gradually
increases with a slight change in slope near
1200 °C.
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Fig. 1. XRD patterns of the samples annealed at
1050 °C, 2 h. Symbol designation:
0 — Ndg 33SisO2, * — Nd,03

XRD analysis of the samples heated in
derivatograph furnace has shown that only
apatite type structure of Ndg33SisO2s is saved in
the sample 2 with a stoichiometric ratio of
components to form such a silicate. In the
samples 1 and 3-6, phases corresponding to the
phase diagram begin to crystallize. There are
Nd,SiOs for sample 1, Ndg33SigO2 with SiO»
(cristobalite) for sample 3, and Nd,SiO; with
SiO, (cristobalite) for samples 4-6. Fig. 4
illustrates these transformations.
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Fig. 2. Angular interval of XRD patterns with the
main  Ndg33SisO2 peaks of sample 6,
annealed at 1050 °C for 1 (1), 2 (2), 3 (3),
4 (4) h. Symbol designation: * — Nd2>O3
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Fig. 3. Derivatogram of initial composite 6
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Fig. 4. XRD patterns of the samples: 1 (1), 2 (2),
6 (3) heated to 1400°C. Main phases:
Nd2SiOs (1), Ndg.33SisO26 (2), Nd2Si-O7 (3)

Thus, phase Ndg33SisO26 is an intermediate
in the synthesis of neodymium mono- and
disilicate in the composites with the ratio of
Nd-0; and fumed SiO; differing from 7:9, which
is required for formation of silicate Ndg 33SigOzs.
Based on the change in the slope of the DTA
curve, it can be assumed that the neodymium
silicate phase with the apatite type structure
exists in such systems up to temperatures of
about 1200 °C.

Visually diffraction pattern of Ndg 33SisOz in
all samples annealed at 1050 °C and sample 2
heated to 1400 °C, is the same, namely positions
of the diffraction peaks and their relative
intensities.

To specify the structure parameters of the
Ndg33SisO26 phase in the composites, Rietveld
profile analysis was applied. The program Full
Prof was exploited to the refinement of
diffraction patterns of the sample 6 annealed at
1050 °C for 4 h and sample 2 heated to 1400 °C.
The theoretical curves are calculated based on
the parameters of the structure of Ndg33SisO2s,
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taken from the NIST database for single crystal
of the silicate [24]. The results of refinement are
shown in Fig. 5, as Rietveld refinement plot, for
the sample 6 only. Main original and refined
parameters, such as the unit cell parameters and
site occupation factor (SOF) for 4f positions of
neodymium atoms, are presented in Table 2.

It can be seen that the crystalline structure of
the silicate in the composites studied is far from
perfect. The parameters of its hexagonal cell are
larger, and the site occupation factor of position
4f by Nd atoms is much smaller than that for a
single crystal.

Investigation of the morphology of particles in
composite 6 using scanning electron microscopy
has shown the formation of dense aggregates of
particles of several um in length with a particle
size of 0.1-0.3um in a medium of less
aggregated particles with a size of tens of nm
(Fig. 6). According to elemental analysis of such

Table 2. Results of Rietveld refinement of the samples

regions in more denser aggregates, the atomic
ratio of Nd and Si is close to the characteristic
ratio for Ndg33SicO26, in a less dense medium,
Nd is practically absent (Fig. 7, Table 3).
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Fig. 5. Rietveld refinement plot of the sample 6
annealed at 1050 °C for 4 h

Sample, containing Ndg.33SisO26 a, nm ¢, nm SOF of 4f Nd
6, annealed at 1050 °C for 4 h 0.95705 0.70289 0.536
2, heated to 1400 °C 0.95689 0.70213 0.549
single crystal 0.95556 0.70192 0.854

SEM HV: 10.0 KV
Wiews Beld: 2,69 pm
SEM MAG: 144 kx

Fig. 6. SEM image of composite 6 annealed
at 1050 °C for 4 h

To confirm the formation of neodymium
silicate with an apatite structure in composites
based on neodymium oxide and fumed silica at
temperatures above 920 °C, the temperature
dependence of the electrical conductivity of
composite 6 annealed at 1050 °C for 4 h, mixture
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Fig. 7. Part of SEM imaélgw%dr‘chemical analysis of
composite 6 annealed at 1050 °C for 4 h

of sample 2 heated to 1400 °C, and silica with their
ratio as in composite 6, was measured. Cooling
curves are shown in Fig. 8. It is seen that curves
cooling for both samples have linear character.
This indicates that these samples have ionic
conductivity, known as oxygen conductivity.
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Table 3. Results of energy-dispersive spectroscopic

chemical analysis of the composite 6
annealed at 1050 °C for 4 h
Element 0 Si Nd

Spectrum 1 62.23 15.62 22.15
Spectrum 2 68.60 31.09 0.32
Mean 65.42 23.35 11.23
Std. deviation 4.50 1094 1544
Max 68.60 31.09 2215
Min 62.23 15.62 0.32

All results in atomic %

Low  values of  conductivity  about
102-10* Ohmlcm, apparently, are due to low
degree of perfect silicate structure and also to
sufficiently low temperature of heating. It should
be noted that the slope of the conductivity curves
of these samples is different. The higher slope
corresponds to the sample containing
Nds33SisO26 obtained as a result of heating of
composite 2 at 1400 °C. It correlates with the
structural parameters of the silicate in this
composite.

Composites consisting of Ndsg33SisO26 and a
silica matrix were tested for fluorescence
properties. Fig.9a shows the absorption
spectrum of the composite 6 annealed at
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1050 °C. It can be seen a number of intense
bands in the wavelength range 200, 600, and
800 nm. When excited at the wavelength of
240 nm, close to that of the largest absorption by
the sample, fluorescence is observed at the
wavelength of 395 nm (Fig. 9 b). Consequently,
the presence of neodymium silicate with the
apatite type structure in the composites under

consideration can give them fluorescent
properties.
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Fig. 8. Logarithm of conductivity of composite 6

annealed at 1050°C (1), mixture of
composite 2 heated to 1400 °C, and SiO;
with their ratio as in composite 6 (2)
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Fig. 9. UV-Vis absorption spectrum (a) and fluorescence spectrum at dex = 240 nm (b) of the sample 6 annealed at

1050 °C for 4 h

CONCLUSION

Thus, when using XRD and elemental
analysis data, electrical conductivity
measurements, it has been found that in the
composites based on fumed silica and
neodymium oxide, the neodymium silicate with
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apatite type structure Ndg33SisO2s is formed
starting at 920 °C for the ratios of initial Nd.O3
and SiO. in the range 1:1-1:20. It appears
intermediate for composites with a ratio of
oxides other than 7:9 and presumably exists up
to temperatures of about 1200 °C. The structure
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of Nds33SisO2s differs from perfect by larger
values of the parameters of the unit cell and a
smaller factor of site occupation of 4f
neodymium atoms. The composite obtained by
annealing of oxide Nd,O3z and fumed SiO, with
the ratio of 1:20 at 1050 °C has oxygen ionic

conductivity ~ with  specific  value  of
102-10~* Ohmcm in the temperature range up
to 200°C. Such a composite also exhibits
photoluminescent  properties due to the
multiband absorption spectrum in the UV and
visible regions.

HusbkoremneparypHe GopMyBaHHS CHJIIKATY HEOAUMY
3i CTPYKTYPOIO AIATUTY B KPeMHe3eMHiil MaTpuii

O.1. Opancbka, 10.1. I'opHikos, A.B. bpuuka, C.M. MaxHo

Tuemumym ximii nogepxui im. O.0. Yyuxa Hayionanenoi akademii nayk Yxpainu
eyn. I'enepana Haymosa, 17, Kuis, 03164, Ykpaina, el.oranska@gmail.com

Hocniosiceno ¢hazosi nepemeopenHs 6 KOMNO3UMAX OKCUO HEOOUMY — NIPOLEHHUL KpeMHe3eM 3 PI3HUM
MOTAPHUM CHIBBIOHOWEHHAM KOMNOHeHmi8 6 Mmedcax 6i0 1:1 oo 1:20. I[loxazano, wjo gopmyeanms
cunikamy Heooumy Ndo33SicO2 31 cmpykmyporo anamumy 6i00yéacmvcsi y 6CiX KOMNO3UMAX 34
memnepamypu euwe 900 °C. Ymeopenus mono- abo oucunixamy HeoOumy CHOCMEPIeacmvbCsi iuuie npu
memnepamypax, oauzvkux 0o 1400 °C, 3a ymosu 8ionogioHUx CMexXioMempuiHux cnie8iOHOUIEHb OKCUOI8
Heooumy i Kpemuiro. Bumipu enexmpuunoi npogionocmi xomnosumy i3z cniegionoutennam oxcudis 1:20,
sionanenozo npu 1050 °C npomsicom 4 200 (ioHna npogioHICMb 3G KUCHEM), Y3200H4CYIOMbCS 3 OAHUMU
penmeenopazoso02co ma enremenmuoz2o ananisy. Ilokazano, wo Oanuii KomMnosum mae @ryopecyenmmui
811aCMuU8oCmi.

Knrouosi cnoea: cuiikam HeoOumy, anamumua CmMpyKmypda, iOHHA NPOGIOHICMb, @hryopecyeHmui
61ACMUBOCHI, PEHM2EHODAZ08ULL MA eleMEHMHUL AHANI3

HuskoremneparypHoe (popMupoBaHHe CHIIMKATA HEOAUMA
€O CTPYKTYPOH anaTUTa B KPpeMHe3eMHO MaTpule

E.U. Opanckas, 10.U. I'opuukos, A.B. bpuuka, C.H. MaxHo

HUncmumym xumuu nosepxnocmu um. A.A. Yyiiko Hayuonanvroti akademuu Hayx Ykpaunot
ya. Fenepana Haymosa, 17, Kues, 03164, Ykpauna, el.oranska@gmail.com

Hccneoosanvl ¢hazosvie npespaujeHusi 6 KOMNO3UMAX OKCUO HEOOUMA — NUPOLEHHbBIL KPeMHe3eM ¢
PA3TUYHBIM MOIAPHBIM COOMHOULEHUEM KOMHOHEeHmMOo8 8 ouanazone om 1:1 0o 1:20. bviio noxazano, ymo
obpazosanue cunukama Heoouma Ndsz3SieO co cmpyxmypou anamuma npoucxooum 60 e6cex
xomnosumax npu memnepamype eviue 900 °C. D@opmuposanue MOHO- UMY OUCUTUKAMA HEOOUMA
Habmodaemess  moavko  npu  memnepamypax — eonuzu 1400 °C  mpu  coomeemcmesyrowem
CMEXUOMEMPUYECKOM COOMHOWEHUU OKCUO08 Heoouma U KpemHus. M3zmepenusi 31eKmpudecKoll
npoBOOUMOCIU KOMNO3UmMa ¢ coomHouteHuem oxcuoos 1:20, omoowcocennozco npu 1050 °C (uonnas
nPOBOOUMOCTL NO KUCTOPOOY), COAACYIOMCS C OAHHBIM PEHMEEHOPA306020 U IIEMEHMHO20 AHAIU3A.
Toka3zano, umo 3mom KomMnozum umeem Qryopecyenmusle C80UCMEA.

Kntouegvle cnosa: cuiukam HeoOuma, anamumosas CWMPYKMypd, UOHHAS HPOBOOUMOCHIDb,
@yopecyenmuule c60UCMBA, PEHM2EHOPA30BHIU U INEMEHMHBII AHATU3Z
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