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Preface

Dear reader,

This special issue of the “Bulgarian Chemical
Communication” puts together the best studies, rep-
resented during the 3 National Crystallographic
Symposium (NCS’11), which took place on
October 3-5, 2011 at the grounds of the “Earth
and Man National Museum” in Sofia. For a sec-
ond consecutive year, the organizers of this event
gratefully take the chance to reach the audience,
through the pages of this journal.

The National Crystallographic Symposium
(NCS) is the annual meeting of the active and rap-
idly growing Bulgarian crystallographic commu-
nity as well as the most important activity of the
recently re-established Bulgarian Crystallographic
Society (BCS). During the last years it won recog-
nition as the leading scientific event, not only for
the Bulgarian crystallographers, but also welcom-
ing participants from different European countries.
Along with the invited distinguished lecturers in

key fields of crystallography, the reputation of the
event is based on the participation of Bulgarian
scientists, working abroad and using the experi-
ence of approved crystallographic schools. A tes-
timony for the growing interest to the National
Crystallographic Symposium is the fact that the
second and third symposiums were both attended
by over 100 participants.

With up to 14 hours of continuous face-to-face
communication each symposium day, attendees find
out about the latest developments from research and
industry, participate in workshops, improve their skills
at hands-on demonstrations or join other sessions,
which feed their minds in creative and fun ways.

The participants of the last NCS’11 now have the
chance to refresh their memories about the ideas,
represented at the symposium and get acquainted
about all the details that couldn’t find place during
the presentations; Those who didn’t have the chance
to be there — to find a reason to attend the next meet-
ing in the fall of 2012.

Wishing you thrilling reading,
Guest editors of the special issue:

D. Kovacheva
T. Kerestedjian
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Large volumes of intermediate and acid volcaniclastic rocks were formed during the Paleogene in the Eastern
Rhodopes, South Bulgaria. Most of them were deposited in a shallow marine environment, lately transformed into clays,
adularia, opal-CT and zeolites. Rare mineralization was observed in voids and cavities of basaltic rocks near the Zlatolist
village. The voids, now amygdales are filled by calcite, quartz and several zeolites (harmotome, analcime, mordenite,
heulandite etc.). Among these harmotome occurs as remarkably well-defined crystals up to 3.5 cm in size.

Harmotome has been characterized using optical microscopy, X-ray, SEM/EDS, EPMA, LA-ICP-MS and DTA.
The investigated crystals invariably consist of complex penetration twins and twinning simulates pseudo-orthorhombic
forms according to the morvenite law. Crystals are elongated along the a-axis, and flattened on the {010}. Such
complex twinning results in an optical heterogeneity and characteristic uneven extinction.

The average chemical formula is: Ba, ,,Ca, ,K ,s[Al; ;,Si,, ,,05,]*°12H,0. Registered are 35 trace elements, up to
1.3 wt.% Na, 330 ppm Sr, and 26 ppm Ti. The thermal behavior of harmotome represents water loss in three steps: at
125,210, and 280 °C, and complete dehydration at 400 °C.

A crystal fragment of harmotome was used also for single crystal X-ray diffraction study. Reliable structure model
with satisfactory R-values (R1 = 0.0403; Rall = 0.0473) was obtained using the P2/m space group and it was chosen
for the structure refinement. The obtained unit cell dimensions are: a = 9.8903(5), b = 14.1394(3), ¢ = 8.6713(4) A,
B =124.628(7)° and V = 997.81(8) A*. The final refinement included all atomic coordinates and anisotropic thermal
displacement parameters.

Key words: zeolites, phillipsite series, harmotome, crystal structure refinement, crystal morphology.

INTRODUCTION Harmotome Ba,(Ca,,Na),[A1,Si,,0,,]-12H,0
and phillipsite K,(Ca, ;,Na),[A1,Si,,0,,]-12H,0 are
members of a continuous series with exchangeable
cations from barium to potassium. Considerable
calcium and sodium content is commonly present.
Barium is the most abundant extra-framework cati-
on in harmotome. The name harmotome (after Hatly,
1801, in Combs et al. [6]) predates phillipsite; on
grounds of history and usage, both are retained in
spite of the rules of the report of the CNMMN [6].
Named from Greek words for a “joint” and “to cut”,
in allusion to a tendency to split along junctions
(twin planes). It is well known that crystal individu-
als invariably consist of complex twins, and Deer et
al. [7] suggest that the twinning may simulate single
crystal forms (mimetic twins), such as tetragonal
and rhombic dodecahedra. Sahama and Lehtinen
[8] described sectorial twinning in harmotome from

Zeolites are crystalline hydrated aluminosili-
cates of the alkali and alkaline elements. They
have a framework structure characterized by the
presence of interconnected channels or cages,
occupied by relatively large cations and water
molecules [1]. Depending on their structure and
composition, zeolites are widely used as sorbents,
detergents, ion-exchangers, and especially as ma-
terials for heterogeneous catalysis [2]. Large zeo-
lite crystals provide an ideal possibility for crystal
structure determinations [3], studies of the crystal
growth mechanism [4], adsorption and diffusion
measurements, and more recently spatially re-
solved probing of catalytic events [5].

* To whom all correspondence should be sent:
E-mail: radi@geology.bas.bg

Finland. Akizuki [9, 10] has interpreted sector twin-
ning in some minerals in terms of atomic order-
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ing of such cations as Al/Si and Fe*'/Al, produced
during growth. The surface and internal textures
of harmotome suggest that the sectorial twinning
may originate by the same mechanism. Untwinned
crystals have not been found so far. A transparent,
spindle-shaped variety of harmotome that was orig-
inally described from the Strontian mines north of
Morven (now Morvern), Argyllshire, Scotland, UK
[11], later was used to describe a type of twinning
also observed for phillipsite. The complex interpen-
etration twinning of phillipsite was classified by
Lacroix (1897, 1923 in: Tschernich [12]) to include
the Morvenite twin, Marburg twin, Perier twin and
Stempel twin according to the dominant habits.

Harmotome is typically monoclinic, although its
actual space group is debatable due to acentricity,
which is lowering the symmetry [13]. Harmotome
and phillipsite have the same (structural code, PHI)
framework topology with double “crankschafts”
parallel to the g-axis.

Until now harmotome was known from one
occurrence in Bulgaria. It was described from
fissures of latitic lavas North of Iskra, Haskovo
district with laumontite and heulandite [14]. In
this study, we present the crystallographic, min-
eralogical and chemical data on harmotome from
Zlatolist, Eastern Rhodopes. In addition, the val-

ues of the cell parameters are obtained by single-
crystal X-ray diffractometry.

GEOLOGICAL OVERVIEW

Intense collision-related volcanism took place
in the East Rhodopes, South Bulgaria during the
Paleogene. Eruptive products, both lava and vol-
caniclastic rocks, are assigned to four intermediate
(to basic) phases alternating in time with five acidic
ones [15]. The first two phases (intermediate and
acidic) are Priabonian while all following are of
Rupelian age. Large volumes of pyroclastic rocks
were erupted during the first three acidic volcanic
phases and deposited in a shallow marine environ-
ment. They were subsequently transformed into
zeolites, clay minerals, adularia and opal-CT [15].

Rare zeolite mineralization was observed in
voids and in some microdruses and cavities of ba-
saltic andesits near the Zlatolist village, Eastern
Rhodopes (Fig. 1). The voids, now amygdales are
filled predominantly by calcite, quartz, chalcedony
and several zeolites (mainly represented by harmo-
tome, analcime, chabasite, mordenite and heulan-
dite). Among these zeolites, harmotome occurs as
remarkably well-defined large crystals.

Fig. 1. Photographs of: a) outcrop of basaltic rocks near Zlatolist, b-d) handspecimens representing large harmotome

crystals in amygdales
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EXPERIMENTAL AND ANALYTICAL
PROCEDURES

Harmotome has been characterized using optical
microscopy, X-ray diffraction, SEM/EDS, EPMA,
LA-ICP-MS and DTA.

Detailed morphological studies on separate crys-
tals and aggregates were carried with a binocular
optical and scanning electron microscopes JEOL
JSM 6390 with EDS Oxford INCA system (SEM).
Electron probe microanalyses (EPMA) were per-
formed with a JEOL JSM CF with Tracor Northern
— 2000 analyzing system at an accelerating voltage
of 25 kV and a beam diameter of 1 um. Electron
microprobe analyses are performed on the same
samples used for the structure determination. In
each crystal, several spots were analyzed to check
for sample homogeneity.

LA-ICP-MS analytical system consists of a
193 nm ArF excimer laser and an ELAN DRC-¢
ICP quadrupole mass spectrometer. For control-
led ablation, an energy density of above 10 J/cm?
on the sample and a laser pulse frequency of 10 Hz
were used. Analyses were performed with 50 or
75 um beam diameters and external standardiza-
tion on NIST glass standard SRM-610.

TG-DTA-DTG measurements were performed
in air with heating rate 10 °C/min.

The powder diffraction patterns of harmotome
were measured on a D2 Phaser Bruker AXS at
room temperature with Ni-filtered Cu-Ko radia-
tion (A = 1.5406 A). Data was collected in step-
scan mode from 4 to 70 °20 with 0.05 °20 step and
s exposure time.

CRYSTAL STRUCTURE

A single crystal of harmotome from Zlatolist with
dimensions 0.25 x 0.22 x (.20 mm was mounted on
a glass fibre and measured on an Oxford diffrac-
tion Supernova diffractometer equipped with Atlas
CCD detector. X-ray data collection was carried out
at room temperature with monochromatic Mo-Ka
radiation (A = 0.71073 A). After the initial matrix
procedure, a C-centred unit cell (Laue class mmm)
with parameters a = 9.9034(5), b = 14.2979(9), ¢ =
14.1612(7) A, and ¥ = 2005.2(2) A® was selected.
Data collection strategy was chosen for 100% com-
pleteness and redundancy of 3.9. Data reduction
and analysis were carried out with the CrysAlisPro
program [16]. Lorentz and polarization corrections
were applied to intensity data using WinGX [17].
Reliable model with satisfactory R-values was ob-
tained using the P2/m space group and it was chosen
for the refinement. For the framework atoms, start-
ing coordinates were taken from [18], and the extra-

Table 1. Experimental details for harmotome

from Zlatolist

Harmotome (this study)

Parameter P121/ml
a[A] 9.8903(5)
b[A] 14.1394(3)
c[A] 8.6713(4)
B [°] 124.628(7)
VA3 997.81(8)
Ne of reflections 8642

R, 0.0266
R 0.0344

h min -12

h max 13

k min -20

k max 18

[ min -9

[ max 13

theta min [°] 2.85
theta max [°] 32.82
unique reflections 3516

Ref. F > 4sigF 3099

Ne of parameters 156

R, 0.0403
R 0.0473
GooF 1.064

framework cations and water molecules were then
assigned from the difference Fourier list. Structure
refinements were performed using the program
SHELXTL [17], employing neutral atomic scatter-
ing factors. Due to the Si, Al disorder, tetrahedral
positions were later refined with Si scattering fac-
tors. Extraframework cations and water molecules
were first refined using isotropic temperature fac-
tors. Each occupancy parameter was refined by fix-
ing the occupancies of the remaining atoms. At the
final stage of refinement, anisotropic temperature
factors were introduced. Unit cell dimensions and
experimental details are given in Table 1.

The analysis of measured intensity peaks and
diffraction patterns confirmed that the sample is
harmotome (Fig. 2, PDF Card 00-053-1175) [19].
Atomic coordinates, thermal displacement param-
eters, T-O-T angles, and T-O bond lengths, ac-
quired from the X-ray single crystal measurement
are listed in Tables 2-4.

The structure of harmotome from Zlatolist has
a phillipsite-type framework with chains of four-
membered rings, parallel to the a-axis (Fig. 3). The
arrangement of Si, Al tetrahedra leads to the for-
mation of three types of eight-membered rings, run-
ning along the three axes. Barium cations occupy
the centre of the channels, parallel to the c-axis.
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Fig. 2. Powder pattern of harmotome from Zlatolist. All intensity peaks correspond to the diffraction pattern of
harmotome (PDF Card 00-053-1175)

Barium is coordinated by seven O atoms from the MORPHOLOGICAL PROPERTIES
framework (2 x O1, 2 x O3, 2 x O5, and 0O9) and
by four water molecules (W1, W2, and 2 x W3). Harmotome from Zlatolist is transparent with

Two of the five refined water molecules (W4 and  vitreous luster, and though crystals are typically col-
W5) are disordered and are not bonded to barium, ourless, some fragments may be yellow-brownish or
similar to [18]. pale beige. Crystal size ranging from several mm to

Table 2. Atomic coordinates, U.

iso

(U,,) parameters and occupancies for harmotome

Label X y z U, orU, Occ.
Tl —0.05692(10) —0.00826(6) 0.73246(10) 0.01031(16) 1
T2 0.12075(10) 0.13889(6) 0.58390(10) 0.0110(6) 1
T3 0.42053(10) 0.14073(6) 0.90646(10) 0.00990(16) 1
T4 0.26340(10) —0.02459(6) 1.04746(11) 0.0105(6) 1
Ba 0.86210(5) Va 0.16707(4) 0.02476(11) 0.93
O1 0.6148(3) 0.11714(19) 0.9344(3) 0.0207(5) 1
02 0.0960(3) —0.05218(18) 0.8903(3) 0.0192(5) 1
03 0.2190(3) -0.0137(2) 1.2151(3) 0.0225(5) 1
04 0.4111(5) YVa 0.9672(5) 0.0230(7) 1
05 0.3516(3) 0.07257(19) 1.0193(3) 0.0232(5) 1
06 —0.0049(3) 0.0915(2) 0.6651(4) 0.0269(6) 1
o7 0.3119(3) 0.1291(2) 0.7102(3) 0.0234(5) 1
08 0.0666(5) Va 0.5432(5) 0.0261(8) 1
09 0.1035(4) 0.0921(2) 0.4077(4) 0.0318(6) 1
Wi 0.8845(10) Va 0.8450(9) 0.0621(19) 1
w2 1.1986(10) Ya 0.1881(10) 0.071(2) 1
W3 0.6983(7) 0.1375(4) 0.3277(6) 0.0702(14) 1
W4 0.532(3) Ya 0.548(3) 0.124(12) 0.38
W5 0.508(2) 0.048(3) 0.4793(19) 0.21(2) 0.42

10
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Table 3. Anisotropic displacement parameters for harmotome

Label U, Uy Uy Uy U U,
Tl 0.0102(3) 0.0119(4) 0.0090(3) 20.0007(3) 0.0035(3) 20.0004(3)
T2 0.0137(7) 0.0087(7) 0.0096(7) ~0.0009(3) 0.0030(3) ~0.0013(3)
T3 0.0081(3) 0.0076(3) 0.0132(4) 0.0010(3) 0.0028(3) 0.0002(3)
T4 0.0087(7) 0.0115(7) 0.0119(7) 0.0016(3) 0.0044(4) 0.0008(3)
Ba 0.0331(2) 0.01613(16) 0.02686(19) 0.000 0.01274(14) 0.000
o1 0.0136(10)  0.0204(11)  0.0284(13)  0.0037(10)  0.0077(9) 0.0037(9)
02 0.0157(10)  0.0199(11)  0.0189(11)  0.0009(9) 0.0022(9) 0.0015(9)
03 0.0166(10)  0.0338(14)  0.0168(11)  —0.0005(10)  0.0055(9) 0.0034(10)
04 0.0327(19)  0.0117(14)  0.0265(18)  0.000 0.0129(15)  0.000
05 0.0241(12)  0.0191(11)  0.0290(13)  0.0032(10)  0.0126(10)  —0.0049(9)
06 0.0253(12)  0.0248(13)  0.0350(15)  0.0115(11)  0.0161(11)  —0.0009(10)
o7 0.0185(11) 0.0310(13) 0.0168(11) —0.0001(10) 0.0012(9) 0.0015(10)
08 0.0246(18)  0.0143(15)  0.036(2) 0.000 0.0063(16)  0.000
09 0.0386(16)  0.0336(15)  0.0237(13)  —0.0127(12)  0.0117(12)  —0.0067(13)
wi 0.103(5) 0.033(3) 0.078(5) 0.000 0.066(4) 0.000
w2 0.079(5) 0.078(5) 0.076(5) 0.000 0.053(4) 0.000
w3 0.070(3) 0.092(4) 0.056(3) 0.013(3) 0.031(2) ~0.006(3)
w4 0.104(18) 0.23(4) 0.086(16) 0.000 0.089(16) 0.000
W5 0.039(6) 0.33(7) 0.044(8) ~0.012(17) 0.016(6) ~0.058(17)

Table 4. T-O bond lengths [A] and T-O-T angles [°] for tetrahedra of harmotome
T-O bond Distance [A] T-O bond Distance [A] T-O-T angle Angle [°]

T1-09 1.646(3) T3-05 1.631(3) T3-01-T4 139.36(18)

T1-06 1.650(3) T3-05 1.642(3) T4-02-T1 144.14(17)

T1-03 1.652(3) T3 - 04 1.6440(16) T4-03-T1 138.65(17)

TI-02 1.658(2) T3-01 1.650(2) T3-04-T3 140.0(3)

mean 1.652(3) mean 1.642(3) T3-05-T4 151.3(2)

T2 -09 1.626(3) T4-05 1.632(3) T2-06-T1 144.1(2)

T2- 06 1.635(3) T4-03 1.640(3) T2-07-T3 139.69(19)

T2-07 1.642(3) T4 - 02 1.653(2) T2-08-T2 146.1(3)

T2 -08 1.642(1) T4-01 1.654(3) T2-09-T1 155.2(2)

mean 1.636(3) mean 1.645(3)

Fig. 3. The atomic structure of harmotome from Zlatolist,
projected along the a-axis. Size of spheres corresponds to
site occupancies, larger spheres have higher occupancies.
T stands for tetrahedral site, W — water molecule
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Fig. 4. Morphology of harmotome crystals: a) small amygdale partially filled by quartz, analcime and harmotome;
b) twin variety after so-called morvenite law according to the characteristic striae parallel to the edge between {010}
and {110} and twin suture running parallel to {001}; ¢) pseudo-orthorhombic twin, composed by four individuals;
d) transparent crystals with oriented, stepped hillocks on {010} faces

1.5 cm (Figs 4, 6). Large crystals up to ~3.5 cm have
been collected rarely.

Optical and SEM observations indicate that the
mineral prevalently forms penetration twins without
re-entrant angels. The crystal habit is characterized by
short prismatic pseudo-orthorhombic forms. Equant
crystals and radiating aggregates are common. The

crystals are always pseudo-orthorhombic penetration
twins. Twinning suture and combination striations
can be detected on each crystal (Fig. 4b-d). Judging
from the values of interfacial angles, the presence
of characteristic striae parallel to the edge between
{010} and {110} and twin suture running parallel to
{001} the twin variety form pseudo-orthorhombic

Fig. 5. Crystallographic characteristics: a) microphotograph with characteristic uneven extinction, thin section under

crossed polars; b) habit of a simple penetration twin

12
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penetration twins after the so-called morvenite law.
Complex twinning results in an optical heterogene-
ity and shows characteristic uneven extinction under
crossed polars (Fig. Sa).

The morvenite twin is a fourling twin, present in
all investigated crystals and without re-entrant an-
gles. It is composed of four individuals (Fig. 5b), ar-

14 40 SEI

ranged across the twin planes (001) and (201), dis-
playing the {100}, {010}, {001}, {110}, and small
{201} forms. The four sets of intersecting striations,
which indicate the presence of the four individuals,
are seen only on the (010) faces. Morvenite twins
are commonly elongated along the a-axis, and flat-
tened on the {010}.

X80

16 40 SEI

20kv  X1,400 10um . 15 40 SEI

| x80

200pm 16 40 SEI

Fig. 6. SEM images of: a-c) harmotome crystal surface; d) a detail showing partial replacement by chlorite; e-f) groups
of small twinned individuals on large pseudo-orthorhombic crystal from one amygdale
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Under SEM it is revealed that mineral surfaces
of some crystals are decorated by spherulitic aggre-
gates (Fig. 6b—d), probably after partial replacement
by chlorite (?).

CHEMICAL COMPOSITION

The average chemical formula based on EPMA
is as follows: Ba,, Ca, ;K ,[Al;Si;,,05,]-12H,0.
Calcium and potassium are both conspicuous in
the chemical composition of the harmotome stud-
ied (Table 5). Sodium, magnesium and iron often
reported in harmotome [20, 21] was not found us-
ing EPMA. Additionally, the mineral analysed is
characterized by distinctly higher amounts of alu-
minium and barium than those cited in the literature.
Si/(Si+Al) ratio shows an average value of 0.71 in
Zlatolist, and ranges from 0.68 in crystals from trachy-
andesite of [skra, Bulgaria [ 14], to 0.76 in crystals from
basalts of Weitendorf, Austria [22]. According to the
average ratio (Ra) after Passaglia and Sheppard [23]

and experimentally determined in this study Ra=0.63
harmotome can be classified as intermediate zeolite.

Data are “reliable”, i.e. with the content of tet-
rahedral cations (Sit+Al) close to half of the oxy-
gen atoms and the balance error E = [(Al-Al,, )/
Al,... 1x100 lower than 10% [24].

Chemical analyses were performed by electron
microprobe and the water content is the result of
normalization of data to 100%. The number of water
molecules is known to be related to both structural
and chemical parameters because it increases with
Si/Al and divalent/monovalent cation ratios. Contents
of H,O tend to decrease with increasing number and
size of extra-framework cations, as well as with in-
creasing temperature and decreasing P(H,O). Such
variations can be vital to petrological, geochemical,
environmental, and experimental considerations [6].

Minor and trace elements in harmotome are reg-
istered also by LA-ICP-MS. Determined are up to
1.3 wt.% Na, 1.2 wt.% K, and 0.6 wt.% Ca. Traces
of: Sr (330), V (100), Rb (65), Ti (26), Zn (20), Mn
(16), Cu (15), P (15), Fe (14) in ppm are found.

Table. 5. Chemical analyses and formulae on the basis of 32 oxygens

wt.% Barl p.1 Barl p.2 Barl p.3 Bar2 p.1 Bar2 p.2 Bar2 p.3 Bar3 p.1 Bar3 p.2
AL O, 18.42 18.68 22.18 18.29 18.11 21.72 18.57 18.65
SiO, 39.53 40.55 383 39.04 40.81 37.99 39.91 39.23
K,0 0.34 0.51 0.6 0.95 0.82 1.58 0.85 0.58
CaO 0.63 1.68 0.25 0.42 0.46 0.71 0.15 0.56
BaO 25.68 23.42 23.41 25.87 25.64 21.72 25.28 25.37
MnO - 0.19 0.16 - 0.15 0.25 0.08 0.15
Total 84.6 85.03 84.9 84.57 85.99 83.97 84.84 84.54
H,0* 15.4 14.97 15.1 15.43 14.01 16.03 15.16 15.46
*~H,0 by difference to approx. 100 wt.% total

Weight % — analyses computed to 100% without H,O

AlO, 21.77 21.97 26.12 21.63 21.06 25.87 21.89 22.06
SiO, 46.73 47.69 45.11 46.16 47.46 45.24 47.04 46.40
K,0 0.40 0.60 0.71 1.12 0.95 1.88 1.00 0.69
CaO 0.74 1.98 0.29 0.50 0.53 0.85 0.18 0.66
BaO 30.35 27.54 27.57 30.59 29.82 25.87 29.80 30.01
MnO 0.00 0.22 0.19 0.00 0.17 0.30 0.09 0.18
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Number of cations on the bases of 32 oxygen equivalents, ignoring H,0

Al 5.67 5.65 6.65 5.67 5.47 6.56 5.68 5.74
Si 10.32 10.42 9.75 10.27 10.46 9.73 10.36 10.25
K 0.11 0.17 0.20 0.32 0.27 0.52 0.28 0.19
Ca 0.18 0.46 0.07 0.12 0.13 0.20 0.04 0.16
Ba 2.63 2.10 2.33 2.67 2.58 2.18 2.57 2.60
Mn 0.00 0.04 0.03 0.00 0.03 0.05 0.02 0.03
Si/(Si+Al) 0.65 0.65 0.59 0.64 0.66 0.60 0.65 0.64
K/(K+Ba) 0.04 0.07 0.08 0.11 0.09 0.19 0.10 0.07
E% -5.56 -5.76 10.84 -5.45 -8.81 9.34 -5.35 —4.28
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The thermal behavior of harmotome, from TG-
DTA-DTG measurements, with five different water
sites in the structure, represents water loss in three
steps: at 125, 210, and 280 °C, and complete dehy-
dration at 400 °C.

GENETIC AND
CONCLUDING REMARKS

Zeolites can originate from a variety of precur-
sor materials including volcanic and impact glasses,
aluminosilicate minerals including other zeolites,
smectite, feldspars and feldspathoids [25]. Most
of the famous zeolite specimens known from the
mineral collections are incrustations on the walls of
geodes and vugs of basic lavas (basalts sensu lato).
The genesis of these crystals could be considered,
as those occurring in non-volcanic rocks, due to hy-
drothermal deposition [26]. Harmotome is known to
have both sedimentary and hydrothermal origin; the
second one being by far the most common [1, 25,
27]. However, zeolitic rocks, widespread in Eastern
Rhodopes, are known as product of volcanic glass
and pyroclastics transformation. Zeolites form more
rapidly from glass than from crystalline materi-
als, and the reaction rate of glass varies inversely
with its silica content [28]. Most of the features of
Zlatolist zeolites differ compared to microcrystal-
line zeolites formed in sediments. Well-developed
large crystals, number of zeolite species and aver-
age chemical composition are indicative for hydro-
thermal origin, according to the criteria suggested
by Gottardi [26].

The source of barium, the element necessary
in the formation of harmotome, could be barite
concretions in adjacent pyroclastic rocks. Also, in
some basic to intermediate rock varieties from the
volcanic complex Ba-content up to 1970 ppm was
determined [29]. Barium could have been derived
from feldspars, common in the volcanic varieties of
the area, as well. Moreover, Ba-sanidine with up to
8.9 wt.% BaO was recently described by Yanev and
Ivanova [30] from the acid volcanic varieties from
the adjacent region in the Eastern Rhodopes.

Finally, the co-existence of the Zlatolist harmo-
tome with chalcedony, quartz and calcite crystals
and its occurrence in geodes indicates the hydro-
thermal, probably low temperature, origin of the
mineral with a transport of the substance at some
distance.

Acknowledgements: The authors would like to
express thanks to Stela Atanasova (Institute of
Physical Chemistry, BAS) for SEM/EDS analyses
and Vilma Petkova (Institute of Mineralogy and
Crystallography, BAS) for DTA measurements.
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KPUCTAJIOTPA®CKU, XUMNYHU U CTPYKTYPHU XAPAKTEPUCTUKHA
HA XAPMOTOM OT 3JIATOJIMCT, U3TOYHU POAOIIN, BBJII'APUA

P. Aranacosa'*, P. /. Bacunesa', M. Kaamiicku?, 3. 31ares’

Teonoeuuecku uncmumym, Boaeapcka akademus na naykume, 1113 Cousi;
2 Unemumym no munepanoeust u kpucmanozpagus, bvieapcka akademust na naykume, 1113 Coghus;
3 Bvaeapceko munepanocuyuecko opysicecmeo, Coghus

[Moctermna Ha 15 dhespyapu, 2012 r.; mpuera Ha 15 mapt, 2012 1.
(Pesrome)

[Tpe3 naneorena royieMu KOJIMYECTBA OT CPEJTHH U KUCEJIH BYJIKAHOKJIACTUYHU CKAJIM ca OTJIOXKEHHU B M3TouHNTE
Ponorn, FOsxHa boarapust. [ToBedyero ot TsX ca 0Opa3yBaHU B IUIMTKOMOPCKH YCIIOBHUS M B MOCJIEACTBHE Ca TPAHC-
(opmupanu B rauHu, ajaynap, onan-CT u 3eonutn. HTepecHa MuHepanusanus Oemle yCTaHOBEHa B TIPa3HUHU U Ky-
XHMHU Ha 0a3aJTOBM aHJIE3UTH B paiioHa Ha c. 3naTtosuct. [IpasHuHNTE, cera MUH/IANN ca 3aIlbJIHEHH C KaJIUT, KBapI]
M Pa3HOOOpPa3HU 3EOJHUTH (XapMOTOM, aHAIIIMM, MOPJCHUT, XeWIanauT u Jip.). Cpex TSX XapMOTOMBT Ce OTJINYaBa
ChC 3a0eNIeKUTETHHU 100pe 0OPMEHN KPUCTANIM C pa3Mep JocTHran 1o 3,5 cm.

XapMOTOMBT € XapaKTepU3upaH C ONTHYHA MHMKDPOCKONMsS, MpaxoBa M MOHOKpPUCTallHa pEeHTreHorpadwus,
SEM/EDS, mukpoconnosu ananu3u, LA-ICP-MS u DTA. M3cnenBanuTte KpUCTaIu HEM3MEHHO Ca H3TPAJICHH OT
KOMIIJICKCHH MTPOHHUKBAIIHY ABOHHHIN. J[BOHUKYBaHETO CHUMYJIMpa IICEBIOPOMOMYHH (POPMU CHIIIACHO MOPBEHHU-
TOB 3aKOH Ha cpacTBaHe. Kpucrainure ca yabIDKEHH 110 @-0cTa U ¢ miodecto passurue o {010}. ToBa kommiekcHO
JIBOMHUKYBaHE CE OTpa3siBa Ha ONTUYHATA XETEPOr€HHOCT M aHU30TPOIIHSL.

Cpennara kpucranoxumuusa ¢opmyina e: Ba, ,Ca, . K 1[Als 451, ,005,]- 12H,0. Onpenenenu ca u 35 exeMeHTU-
npuMecH u ciean: o 1.3 tern.% Na, 330 ppm Sr, and 26 ppm Ti. TepMU4HOTO OBEJCHUE HA XapMOTOMA CE U3pa3siBa
B 3ary0a Ha BoJjia Ha Tpu cThiku: ipu 125, 210, u 280 °C. Oxonvarenna aexuaparanus ce gocrura rnpu 400 °C.

Kpucranen ¢parMeHT OT XapMOTOM € XapaKTepU3UpaH U C MOHOKPUCTAIHA PEHTTeHOBa TudpakTomeTpus. JJoosp
MoJiel ¢ yaosieTBoputennu ctoiHocTH Ha R (R1=10.0403; R(all) = 0.0473) e nocTUTHAT C U3MOJI3BAHE HA MPOCTPAH-
cTBeHara rpyna P2/m, kosto e u3dbpana 3a CTpyKTypHH yToYHEHUs. [loiydyeHuTe napaMerpy Ha eleMeHTapHa KIIeTKa
ca: a = 9.8903(5), b = 14.1394(3), ¢ = 8.6713(4) A, B = 124.628(7)° u V = 997.81(8) A3. dunanuure yrounenus
BKJIFOYBAT BCHYKH aTOMHH KOOP/IMHATH U @aHU30TPOITHU TEPMHUYHH TTAPAMETPH.
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Bulgaria is a major producer of zinc in Central and Eastern Europe (about 100 000 tons per year). The two zinc
metallurgical plants in KCM S.A., Plovdiv and LZC S.A., Kardjali deliver the necessary raw materials from Bulgaria
and abroad.

In this connection, 7 Bulgarian and imported zinc concentrates have been investigated with the use of chemical
analysis, X-ray phase analysis, DTA and TGA. The following phases were established: 3-ZnS; nZnS.mFeS; CuFeS,;
PbS; SiO, (a-quartz). The phase B-ZnS is present in all concentrates and the other established phases are represented
differently in the studied concentrates.

The results obtained are interpreted from the standpoint of receipt by roasting of an appropriate zinc calcine on the
basis of its chemical and phase content. For this purpose a Web-based software system, developed by mathematicians
and technologists from the Paisii Hilendarski University of Plovdiv, for calculating the charges of zinc concentrates at
a fixed optimizing criterion was used. This enables appropriate mixture of materials to be processed during roasting
of concentrates in fluidized bed furnace. This promotes obtaining of zinc calcine with minimum insoluble zinc ferrite

and content of admixtures below certain technology requests.

Key words: ZnS, zinc concentrates, X-ray analysis, DTA and TGA, roasting.

INTRODUCTION

The synthesis and properties of pure ZnS [1-4]
and ZnS doped with different impurities (P, Cu,
Mn, Ag, Se, Te, etc.) [5—7] have been of interest
for many years. This is due to the use of this sulfide
in electronics, semiconductor equipment, optics, as
a pigment, etc. [8—10]. Furthermore, iron ions are
introduced into the crystal lattice of ZnS to obtain
ZnS single-phase thin films showing ferromagnet-
ism [11-13].

Zinc sulfide is essential zinc mineral in zinc ores
[14]. Its two polymorphs are B-ZnS (Sphalerite)
and o-ZnS (Wurtzite). Sphalerite is a typical hy-
drothermal mineral with cubic structure F4 3m,
and tetrahedrally coordinated zinc and sulfur atoms.
Waurtzite has hexagonal (C6,mc) symmetry, usually
stabilized by some Cd. It is a rare species.

Sphalerite is the common mineral in zinc ores.
It almost always contains iron. Varieties with more

* To whom all correspondence should be sent:
E-mail: boyanb@uni-plovdiv.bg

than 6% Fe are named marmatite. Since marmatite
has a brilliant black color like the black sphalerite,
it very often goes unrecognized.

In addition to Fe, sphalerite in high-temperature
deposits often contains Co, Cu, In, Sn and Se. Its
impurities in low-temperature deposits are mainly
Cd, Ga, Ge, Hg and TI [14]. During the flotation of
zinc ores, other mineral phases contribute Pb, SiO,,
AlLO,, CaO, MgO, Ni, As, Sb, CL, F to the chemical
composition of zinc concentrates.

Currently, during the incoming control of zinc
concentrates in processing plants, about 20 compo-
nents are analyzed to determine whether a raw ma-
terial is suitable for the used technology [15].

Very often it turns out that chemical analysis
alone is not sufficient to choose the most suitable
conditions for the successive implementation of
the process chain “roasting of zinc concentrates
— calcine leaching — electrowinning of zinc”. The
main problem is the presence of increased contents
of Fe, Pb and SiO,. Iron in the zinc concentrates
can be connected as FeS,, CuFeS, or incorporated
in the crystal lattice of ZnS [16-18]. During the
oxidation of zinc concentrates in the temperature

© 2012 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 17
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range 920-950 °C iron-containing sulfides oxidize
and Fe,O, is obtained. The iron (III) oxide forms
ferrites with various metal oxides (mainly ZnO, ob-
tained from the oxidation of ZnS). The formation
of ZnFe,0O, [19-21] decreases the rate of leaching
of zinc and necessitates further processing of the
zinc-containing cake [22-24]. To reduce this unfa-
vorable phenomenon, complete preliminary char-
acterization of zinc concentrates is necessary.

Usually in practice various zinc raw materials
are used simultaneously — often 5—6 zinc concen-
trates having different origins and chemical, phase
and granulometric compositions. It is necessary to
conduct a preliminary assessment of the possibili-
ties for optimization of the technological process,
by calculating and using appropriate charges from
zinc-containing materials.

The aim of this study is to characterize most
completely the Bulgarian and imported zinc sulfide
concentrates by chemical, X-ray, differential ther-
mal and thermogravimetric analysis and to use the
obtained results for their optimal processing. This
can be done using the Web-based expert system for
calculating zinc concentrate charges [15, 25].

EXPERIMENTAL

Seven zinc sulfide concentrates from Bulgaria,
Turkey, Greece, Morocco and Peru are studied.

The X-ray phase analysis of the concentrates was
carried out with an apparatus “TUR-M62” (Dresden,
Germany) equipped with a computer-controlled
HZG-4 goniometer with Co-K radiation and Bragg-
Brentano geometry. Data base (Powder Diffraction
Files, Joint Committee on Powder Diffraction
Standards, Philadelphia PA, USA, 1997) was used
for the phase identification.

DTA and TGA (Q Derivatograph, Hungary) were
carried out under the following conditions: sensitiv-
ity of DTA, 0.5 mV; DTG, 1 mV; TG, 100 mg; heat-
ing rate, 10° min'; sample mass 100 mg. A ceramic
crucible was used. All the studies were performed in
air medium.

A Web-based information system for calculation
and prognosis of the chemical and phase composi-
tion of the mix proportions of concentrates is used
[15,25]. It is built on a modular principle using serv-
er programming language PHP. Its main modules
provide opportunities for construction, management
and use of Web-based database of zinc concentrates
[15, 25] in the management control system relation-
al database MySQL.

The used Web-based information system gives
the following opportunities:

1. Input of the chemical composition of the used
(available or in the process of being contracted to
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be purchased) zinc concentrates, each of which
is allotted a name and a number. Thus the main
database of the system is created. At present there
are data entered for 67 concentrates with different
origin (Bulgarian, Turkish, etc.).

2. From the data in the main database up to 15
concentrates can be used, with which a working
database is created that serves for calculations.

3. With concentrates from the working database
the following calculations can be made:

A) In user mode calculations are made at user-
selected ratio of the concentrates in the working
database. For that purpose the percentage share of
each separate concentrate is specified, and the sys-
tem calculates the composition of the charge from
zinc concentrates of 18 components.

B) In automatic mode the system calculates
charges that meet restrictive conditions with regard
to 11 components that are selected together with ex-
perts in the field of zinc hydrometallurgy.

* In this specific case work was performed sat-
isfying the following input restrictions (in
mass %): Zn>50; S—31+1%; Pb<2.5; Fe <
9.0; Si0, <2.5; Sb < 0.008; As <0.12; MgO <
0.3; CaO < 0.5; F <0.02; Ge <30 g/t.

* Various step changes in iterations of the con-
centrates can be selected — from 1 to 15%.

* The content is calculated of each charge that
meets the restrictive conditions and is present-
ed under an appointed number.

* During oxidized roasting in a fluidized bed of
the charge made out of zinc concentrates a zinc
calcine is obtained that is extracted using solu-
tions of sulfuric acid.

* On the basis of data from literature, own stud-
ies and experience from practice coefficients
are offered with which, based on the chemi-
cal composition of the charge, calculations are
made for the prognostic chemical and phase
composition of the calcine.

* When more than one charge is obtained an op-
timization criterion is used according to which
the charges are ranked in descending or as-
cending order.

» For the optimization criterion in this study
“Zinc soluble in 7% solution of sulfuric acid”
is used.

* The aim is to select a charge with maximum
soluble zinc in a 7% solution of sulfuric acid so
that the extraction of the calcine can be carried
out at the best technical and economical indices.
All calculated charges are arranged in descend-
ing order according to this technical index.

* The system also allows the use of other optimi-
zation criteria — minimal quantity of obtained
zinc ferrite, maximum percentage of zinc in the
charge, minimal prime cost of the charge, etc.
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RESULTS AND DISCUSSION

Chemical composition

The chemical composition of the studied zinc
concentrates is presented in Table 1.

Most concentrates show high content of Pb and
Si0,. Improper mixing of such concentrates can lead
to partial aggregation of calcine and increase of the
sulfide sulfur in it. Iron is particularly undesirable in
terms of ferrite formation. Its harmful effects may
be limited by appropriate selection of a charge, well
balanced in its chemical composition. Especially
unfavorable in terms of As and Sb are the concen-
trates with numbers 5 and 6. The strong harmful in-
fluence of these components in zinc electrowinning
from zinc sulfate solutions is well known, as well as
all the negative consequences [26].

X-ray phase analisis

Sphalerite (B-ZnS) is the main phase in sulfide
zinc concentrates. This shows that in terms of the
process of oxidative roasting the majority of zinc
will form oxide, which is favorable for the calcine
leaching.

At the same time it can be argued with some prob-
ability that in all concentrates the phase marmatite
(nZnS.mFeS) is observed. The crystal lattice of ZnS
can include different amounts of iron [27-29]. Co-
oxidation of zinc and iron sulfide at 920-950 °C
leads to the formation of zinc ferrite that goes di-
rectly into the cake after zinc leaching. The Zn con-
tent in the cake is in the range of 15—-17% the major
part of which is due to the ferrite.

The studied zinc concentrates were subjected
to X-ray analysis to determine their phase compo-
sition. The resulting X-ray diffraction patterns are
presented in Figure 1 and summarized in Table 2.

DTA and TGA study

The obtained DTA and TGA curves are com-
bined into general graphs (Figs. 2 and 3). The ob-
served exothermic effects in the temperature range
0f' 450-500 °C are due to oxidation of iron and cop-
per sulfides (CuFeS,, FeS,). These effects are best

A-ZnS
O-CuFeS, e
@-FeS,
O-Pbs L o
A-sio, K R
1
Qo PURINY S ¥

Intensi

20, deg

Fig. 1. X-ray diffraction patterns of studied zinc sulfide
concentrates: Bulgaria (1, 2), Turkey (3, 4), Greece (5),
Morocco (6), Peru (7)

Table 1. Chemical composition of sulfide zinc concentrates from Bulgaria (1, 2), Turkey (3, 4),

Greece (5), Morocco (6), Peru (7)

Content (mass %)

Component
1 2 3 4 5 6 7
Zn 51.10 54.60 47.45 53.65 53.57 51.19 54.60
S 31.60 30.30 34.50 31.50 32.50 33.20 32.40
Fe 8.20 6.45 9.75 3.58 8.85 11.90 8.95
Pb 2.85 1.60 0.65 4.28 1.06 0.67 0.61
SiO, 225 4.30 3.30 3.58 0.95 0.66 1.75
Cu 1.96 1.02 2.06 0.63 0.27 0.68 0.38
Cd 0.29 0.28 0.23 0.25 0.30 0.10 0.09
As 0.002 0.005 0.05 0.029 1.02 0.099 0.028
Sb 0.001 0.001 0.002 0.003 0.02 0.002 0.001
Co 0.006 0.027 0.006 0.012 0.001 0.006 0.006
Ni 0.002 0.002 0.002 0.002 0.002 0.001 0.002
CaO 0.38 0.54 0.43 0.19 0.30 0.42 0.41

19



B. Boyanov, A. Peltekov: X-Ray, DTA and TGA analysis of zinc sulfide concentrates and study of their charging ...

Table 2. Results from X-ray phase analysis of zinc concentrates

N Phases
B 1 2 3 4 5 6 7
1 B —ZnS B —ZnS B —ZnS B —ZnS B—ZnS B —ZnS B —ZnS
2 (nZnS.mFeS)  (nZnS.mFeS) (nZnS.mFeS) (nZnS.mFeS) (nZnS.mFeS) (nZnS.mFeS) (nZnS.mFeS)
3. FeS, FeS, FeS,
4. CuFeS, CuFeS, CuFeS, CuFeS, CuFeS,
5 SiO, SiO, SiO, SiO,
(o-kBap1 (o-kBapi) (o-kBapi) (o-kBapi)
6 PbS PbS PbS PbS
At 820
£
<

200 400 600 800 1000 t, C

Fig. 2. DTA curves of the studied zinc concentrates

observed and are relatively intense in concentrates
1, 2 and 3, which is an indirect confirmation that
they have separate phases of iron and copper. The
X-ray study of concentrate 5 shows the presence of
a FeS, line, but in the DTA curve 5 has no clear
exothermic effect, which indicates that the content
of pyrite in the concentrate is low.

In the other concentrates, well-expressed exo-
thermic effects, corresponding to the oxidation of
the shown copper and iron sulfides were not ob-

20
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Fig. 3. TGA curves of the studied zinc concentrates

served. The shown weak endothermic effects at
670-700 °C are due to dissociation of the obtained
in small quantities FeSO, and CuSO,. The most in-
tensive exothermic effect is the one caused by the
intensive oxidation of ZnS at 750—820 °C.

The differences observed in the zinc solubility
from calcines, obtained under different conditions
of roasting can be explained using the terminology
introduced by us: “primary” ZnFe,O,, obtained by
oxidation of marmatite and “secondary” ZnFe,O,,
formed as a result of solid state interaction of
ZnO (from oxidation of B-ZnS) and Fe,O, (by
oxidation of FeS,). Roasting conditions influence
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Table 3. Results from the calculation of zinc concentrate charges and chemical and phase composition of the

best charge and prognostic calcine

Charge composition from concentrate N and % of it

Conc.1 Conc.2 Conc.3 Conc.4 Conc.5 Conc.6 Conc.7
20 10 5 20 5 20 20
Calculated chemical composition of charge, mass %
Zn S Fe SiO, Pb Cu Cd As Sb
52.61 32.12 8.36 2.29 1.93 0.95 0.20 0.086 0.003
Co Ni CaO MgO Al O, Cl F Ge Tl
0.011 0.002 0.37 0.20 0.34 0.008 0.009 8 g/t 7 g/t
Prognostic chemical composition of zinc calcine, mass %
Zn S Fe Si02 Pb Cu Cd As Sb
60.47 2.95 9.61 2.63 222 1.09 0.23 0.098 0.003
Co Ni CaO MgO Al203 Cl F Ge Tl
0.012 0.002 0.43 0.23 0.39 0.009 0.011 9 g/t 8 g/t
Prognostic phase composition of zinc calcine, mass %
Zn (oxide + silicate) 52.34 Zn 2.72
Zn (ferrite) 4.80 Fe (ferrite) 9.41
Zn (sulphate) 2.72 Fe (oxide + silicate) 0.19
Zn (sulphide) 0.60 Pb (sulphate) 1.77
Zny g, 55.06 Pb (sulphide) 0.44

mainly the formation of “secondary” ZnFe,O,,
while being a negligible factor in the formation
of “primary” ZnFe,O,.

Calculation of charges

The abovementioned Web-based expert system
[15, 25] was used for calculating the optimal charg-
es of the studied zinc concentrates. The Bulgarian 2
and Peruvian 7 concentrates were considered to be
the principal ones in the charge calculation, based
on available and contractual quantities of zinc con-
centrates for a long time period.

Best charge was obtained at the ratio of con-
centrates given in Table 3. Zinc, dissolved in 7%
H,SO, solution (Zn as oxide, sulphate and silicate)
makes up 91.06% of the total zinc in it. This is a
very high percentage and the indexes of neutral and
acid leaching will be very high if the technological
parameters are obeyed.

The calculated charges of zinc concentrates
that meet the specified requirements are 36. They
have zinc, soluble in 7% solution of sulfuric acid,
in the range 90.40-91.06%. This allows to vary
the choice of charge depending on the quantities of
concentrates.

The results show that the use of the Web-based
expert system gives very good results concerning
composition of the charge and quality of the ob-

tained calcine. The system also allows optimization
on economic criteria, when the concentrate prices
are known.

CONCLUSIONS

1. X-ray, differential thermal and thermogravi-
metric analysis of 7 Bulgarian and imported zinc
sulphide concentrate are made.

2. The relationship between the phase composi-
tion and type of the obtained DTA and TG curves
is shown, highlighting the influence of FeS, and
CuFeS, phases on the mass change of samples and
allowing the opportunity to establish the presence
of these phases in concentrates on the basis of the
TG curves obtained.

3. Calculations based on the Web-based informa-
tion system allow optimization of the composition
of zinc concentrate charges. From all studied con-
centrates a charge is recommended in which zinc,
soluble in 7% H,SO, solution constitutes 91.06% of
the total zinc in accordance with 11 restrictive con-
ditions for obtaining high quality calcine in terms of
its hydrometallurgical processing.
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PEHTTEHO®A3OB, DTA I TG AHAJIU3 HA CYJIOUHU
[IUHKOBU KOHLIEHTPATH U U3CJIEABAHE TIXHOTO ITbPXKEHE
B IIEIL C KUIIALLL CJIOM

b. C. bosnos, A. b. [leaTekoB

Inosouscku ynusepcumem ,, Ilaucuii Xunenoapcku “, kameopa ,, Xumuuna mexuono2us *,
ya. . Lap Acen ™ Ne 24, [Inosous, bvicapus

[Mocrpnuna va 20 mapt, 2012 r.; mpuera Ha 17 anpu, 2012 r.
(Pesrome)

Brearapus e ocHOBeH mpomn3BoauTeN Ha NUHK B LlenTpanna u M3rouna Espona (oxoxo 100 000 ToHA TOAMIITHO).
JBara nuakoBu 3aBoga B KIIM AJl, ITnoBaue u OLIK EOO/I, Kbpmxamu 10CTaBAT HEOOXOIUMHUTE CYPOBUHHU OT
Boearapus u gyxOuHa.

B Tasu Bpb3ka, 7 OBATApCKM M BHOCHM LIMHKOBH KOHIIGHTPATH OsiXa M3CIJECIBAHM C M3IIOI3BAaHE HAa XMMMYCH,
pentrenodason ananus, ITA u TT'A. B 1sx ca ycranoBenu cineguute dasu: B-ZnS; nZnS.mFeS; CuFeS,; PbS; SiO,
(o-kBapir). @azara B-ZnS npuChCTBA BEB BCHYKH KOHIICHTPATH, a APyTUTE (ha3u ca MpeCTaBeH: B Pa3INYHA CTEICH
B M3CJICIBAHNTE KOHIICHTPATH.

[Tomy4enure pe3ynTaTH ca MHTEPIPETHPAHU OT IJIeIHA TOYKA Ha IMOJy4aBaHE Ha MOAXOIIA IIMHKOBA yrapka
MIPU ITBPKEHETO CHITIACHO HEWHMS XMMHUYCH U (a30B CHCTAB. 3a Ta3W 1IN € u3moia3BaHa Web-0a3upaHa mporpaMHa
cucreMa, pa3paboTeHa OT MaTeMaTHIIM U TEXHOJO03H OT [ImoBauBCcKus yHUBEpCUTeT ,,[lancuit XumeHaapcku' 3a m3-
YHCIIABAaHE HA IMIMXTH OT IIMHKOBM KOHIIGHTPATH IPH MU3MOJI3BAHE Ha ONPE/elIeH ONTUMU3Hpan] kpurepuil. Toa mos-
BOJIsIBA 10 BPEME Ha IIbPKEHETO HA KOHIIEHTPATUTE B TEI C KHUITAL CIIOH Ja ce MpepaboTBaT IMOIXOISIIH 110 ChCTaB
muxty. ToBa gompHrHACS 3a MM0JIydYaBaHe Ha IIMHKOBA yrapka C MUHUMAIIHO KOJIMYECTBO HEPA3TBOPUM IIMHKOB (hepuT
U ChIbP)KaHNE HAa IPUMECHN KOMIIOHEHTH CHITIACHO OIPEAETICH! TEXHOIOTUYHH H3UCKBAHUSL.
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Nickel ferrites with different Ni content — Ni Fe, O,, 0 <x <1 are technologically important materials for micro-
wave, electronic and magnetic storage devices. These materials are members of solid solution series of spinel-type
materials (Fe,0,~NiFe,O,) having specific magnetic properties and different degree of electron delocalization. They
demonstrate good gas sensing properties and catalytic activity in various catalytic processes, such as complete oxi-
dation of waste gases, oxidative dehydrogenation of hydrocarbons, decomposition of alcohols etc. Up today, much
attention has been paid to the preparation of such nanocrystalline materials, because of difficulty of their synthesis
procedures and special techniques used. However the problem is still topical. The nickel contained ferrite materials
NiFe, O, (x=0.25, 0.5, 1) were prepared by co-precipitation method using FeCl;-6H,0, FeCl,-4H,0 and NiCl,-6H,0
as precursors in our previous investigations. But small quantities of intermediate phase — FeOOH was obtained in
synthesized material. So the aim of the study is to find cheap and easy way for preparation of nano-sized magnetite-
type materials. In order to prepare single phase spinel material thermogravimetric, differential thermogravimetric
and differential thermal analysis (TG, DTG and DTA), as well as different chemical and structural studies such as
X-ray diffraction (XRD), Moessbauer spectroscopy, were done. As a result of investigation the appropriate prepara-
tion conditions are obtained. The synthesis procedure includes combination of co-precipitation combined with low
temperature thermal treatment of materials.

Key words: nickel ferrites, nano-sized powders, low temperature theatment, thermal analysis, Moessbauer spectroscopy,
X-ray diffraction analysis.

INTRODUCTION Nanosized NiFe,0, is one type of ferrite that has
been studied intensively. It shows peculiar struc-
tural and magnetic properties. Small particle size
promotes a mixed spinel structure whereas the bulk
form is an inverse spinel. As far as the magnetic
properties of these materials are concerned, spin
glass like behavior can be considered as the most
interesting property that leads to high field irrevers-
ibility, shift of the hysteresis loops, and anomalous
relaxation dynamics [4]. The properties of ferrite
particles are influenced by the composition and
microstructure, which are sensitive to the prepara-
tion methodology used in their synthesis [5]. The
magnetic and the electrical properties of ferrites are
reported to be highly sensitive to the cation distribu-
tion, which in turn depend on the material of synthe-
sis and sintering conditions [1]. The catalytic prop-
erties of spinels containing transition metal ions are
dependent on the redox properties of substituting
* To whom all correspondence should be sent: ions and on their distribution among the octahedral
E-mail: zzhel@ic.bas.bg and tetrahedral coordination sites. The surface of

Preparation of high-quality magnetic nanopar-
ticles with a narrow size distribution, reproduc-
ible physical properties and production with short
processing times is one of the key issues in nano-
particle research today. Recent studies have also fo-
cused on the development of novel synthesis tech-
niques for the production of uniform magnetic oxide
materials [1]. Nanoparticles with controlled sizes
and properties can be synthesized by wet chemi-
cal techniques [2]. It is known that the crystal size
is related to the relative interdependence between
the nucleation and growth steps, which in turn can
strongly be affected by the solution chemistry and
precipitation conditions [3].

24 © 2012 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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spinel oxide powders contains mainly octahedral
sites and, consequently, its catalytic activity is cru-
cially related to the octahedral cations [6].

The main direction of our present research is
to obtain a single phase nano-sized nickel ferrites
Ni Fe, O, (x=0.25, 0.5, 1) promising as catalyst
and magnetic material. In order to obtain this ferrite
material will be made low temperature treatment at
different temperatures of nickel contained ferrite
sample produced by chemical co-precipitation pro-
cedure. The structural properties of samples at each
stage of the synthesis are studied using the follow-
ing methods as Thermal analysis, X-ray diffraction
analysis, Moessbauer spectroscopy.

EXPERIMENTAL

The nickel contained ferrite samples: Sample A —
NiFe, O, (x=0.25) Sample B — Ni Fe, O, (x=0.5)
and Sample C — Ni Fe, O, (x=1) were produced
using chemical co-precipitation method described
in details previously [7]. Dried brown ferrite pow-
ders were investigated by using several methods for
characterization.

The thermal analysis as TG, DTG and DTA are
obtained with a “Stanton Redcroft” (England) in-
stallation equipped with a PC. The 10.00 mg pre-
pared nickel contained ferrite samples are heating
in the temperature range 20—1000 °C at 10 °C/min
heating rate in stabilized corundum crucible and air
medium with flow — 11/h.

Moessbauer measurements were carried out with
apparatus Wissenschaftliche Elektronik GmbH,
working with a constant acceleration mode, >’Co/Cr
source, o-Fe standard. The computer fitting was used
to determine the parameters of hyperfine interactions
of Moessbauer spectral components: isomer shift
(IS), quadrupole splitting (QS), hyperfine effective
magnetic field in the site of iron nuclei (H,;), line
widths (FW) and component relative weights (G).

X-ray diffraction (XRD) patterns of the nanos-
tructured nickel ferrite samples during the synthesis
were performed with a TUR M62 apparatus with
computer management and data collection, working
with HZG-4 goniometer and CoKa radiation. The
presence of the phases was determined with JCPDS
database (Powder Diffraction Files, Joint Committee
on Powder Diffraction Standards, Philadelphia PA,
USA, 1997). Scherrer equation was used to made
calculation of the average crystallite size, lattice
microstrain parameter and unit cell parameter of the
ferrite samples [8].

The effect of thermal treatment of the nickel
contained ferrites is investigated for different times
and at different temperatures in argon medium in
the furnace “Eurotherm”, England.

RESULTS AND DISCUSSION

Series of nickel contained ferrite samples with
different stoihiometry Ni,Fe, O, (x=0.25 0.5 and 1)
were produced using co-precipitation procedure [7].
These materials are members of solid solution series
of spinel materials Fe,0,~NiFe,O, and different de-
gree of incorporation of Ni metal ion in the magnet-
ite host matrix is expected. Physicochemical char-
acterization of materials shows their ultradisperse
character. However small quantities of intermediate
oxihydroxide phase (FeOOH) was also obtained in
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Fig. 1. TG, DTG and DTA curves of synthesized nickel
contained ferrite samples
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all samples, due to incompletely realized synthesis
process. In order to prepare single phase material
number of initial analysis are carried out. The be-
haviour of synthesized ferrite materials during the
thermal treatment gives results concerning the fur-
ther investigations about effect of calcinations as
the dehydration and dehydrogenation temperatures
and crystallisation processes (see Fig. 1).

Moessbauer spectra of the studied samples after
thermal treatment are presented on Figure 2. In all
three cases the spectra represent superposition of
sextet-type lines only. The spectra are fitted by the
CONFIT program using several models for the fitting
procedures. The best spectra fit show the presence of
two or three sextuplet components in all registered
spectra. The calculated Moessbauer parameters are
shown in Table 1. The obtained hyperfine param-
eter values of these components show presence of
tetrahedrally coordinated Fe** ions in a spinel phase
— Sxtl and octahedrally coordinated Fe’* ions in a
spinel phase — Sxt2. The calculated hyperfine pa-
rameter values of the third sextet component (Sxt 3)
show the presence of octahedrally coordinated iron
ions in third oxidation degree, which are included in
the a-Fe,O, (Hematite) phase [9]. With an increase
of Ni content, the relative weight of hematite phase
decreases and in the case of Sample C only octa-
hedrally and tetrahedrally coordinated iron ions in
spinel structure are detected [10].

Figure 3 shows the XRD patterns of nickel con-
tained ferrite materials after thermal analysis. The
formation of the non-stoichiometric spinel ferrite
phase Ni Fe, O, (PDF-10-0325; 75-0449) and dif-
ferent amount of hematite a-Fe,O, phase (PDF-73-
2234) are observed in the Sample A — Ni,;Fe, ,;0,
and Sample B—Ni Fe, ;O, respectively. Diffraction
peaks due to single phase cubic spinel fer-
rite NiFe,O, (PDF-10-0325) are indexed in the
Sample C — NiFe,0,. The sharp and broad lines
in the three XRD patterns indicate the presence of
highly dispersed particles and high crystallinity of
the synthesized ferrite materials. The average parti-
cle size, lattice microstrain parameter and unit cell
parameter of studied spinel phase was calculated by

Table 1. Moessbauer parameters of samples after DTA
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Fig. 2. Moessbauer spectra of synthesized nickel con-
tained ferrite materials after thermal analysis

Scherrer equation [8]. The obtained values can be
seen in Table 2. It can be seen that the mean crystal-
lite size of spinel ferrite particles is about 20-35 nm.
The obtained results for the presented phases and
their relative weights in studied samples are in very
good agreement with Moessbauer data.

On the base of the obtained results, thermal be-
havior of investigated materials is resolved. Three
stages of weight loss in the TG curves are estab-
lished (Fig. 1). The main mass losses — 8.6%, 15.7%

TS, . FMHAW, .
Sample Components /s QS, mm/s T /s G, %

Sxt 1—Fe™ . 0.34 -0.03 48.2 0.47 20

Sample A — after DTA  Sxt2 —Fe*"_, 0.20 —0.02 51.6 0.32 17
Sxt 3 — Hematite Fe** 0.37 -0.20 51.4 0.28 63

Sxt 1—Fe¥ 0.37 -0.01 48.5 0.41 35

Sample B —after DTA  Sxt2 - Fe*_, 0.26 —0.01 51.8 0.47 33
Sxt 3 — Hematite Fe** 0.37 -0.19 51.3 0.28 32

Sxt 1—Fe* . 0.37 0 48.7 0.37 49

Sample € ~after DTA 1) _pere 0.25 0.01 52.2 0.43 51

octa
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Fig. 3. XRD patterns of synthesized nickel contained fer-
rite materials after thermal analysis

and 16.7% results from dehydration process. The
presence of endothermic peak in the temperature re-
gion 20-200 °C is related to remove of water mol-
ecules coordinated in crystal lattice. The exothermic
effects at 348.0°C, 356.8°C of the ferrite materials
Sample A —Nji, ,Fe, .0, and Sample B —Nji, ;Fe, ;O,
in the DTA curves and weight losses 7.8%, 5.1%
and 6.5% are assigned to the thermal transforma-
tion of intermediate phase B-FeOOH and formation
of hematite phase a-Fe,O, respectively [11-14]. A
high presence of hematite due to a low content of
nickel in spinel ferrite Nij,;Fe,,O0, explains the
more intensive exothermic peak at 348.0 °C com-

pared with this one at 356.8 °C for NijFe, O,.
The absence of exothermic effect around this tem-
perature in the thermal behavior of ferrite material
Sample C — NiFe,0, is connected with the presence
of single spinel ferrite phase only. The registered
DTA thermograms of all studied samples show the
second exothermic peak at 590.7 °C, 565.0 °C and
554.6 °C, respectively. It can be attributed to forma-
tion and crystallization of nickel ferrite phase in all
prepared ferrite samples.

In order to prepare single phase materials the
co-precipitated samples have to be heated in inert
atmosphere to avoid oxidation. The interpretation of
the above presented thermal analysis data gives as a
result the appropriate temperature of heating 300 °C.
The crystal water from the materials is dehydrated
at temperatures lower than 300 °C and therefore the
synthesis of ferrites below this temperature can be
done. The lowest temperature to start the synthesis
in isothermal conditions is 300 °C. A fresh reaction
surface is formed, during the process of dehydra-
tion. Getting a fresh reactive surface and the heat-
ing in the inert atmosphere, are a basics for the syn-
thesis of ferrite compounds. Figure 4 presents the
X-ray diffraction pattern of Sample B — Ni, ;Fe, ;O,

Sample B

(311)

a.u.

-

Intensity,

| |
108 & 4 2

Fig. 4. XRD pattern of Sample B — Ni, ;Fe, O, after heat-
ing at 300 °C in argon media

Table 2. Calculated values of mean crystallite size (D), lattice strain (e) and unite cell parameter (a) of

spinel ferrite phase

Sample D, nm e, a.u a, A
Ni,,sFe, ;50, 21 3,5.10° 8.34
NisFe, ;0, 28 2,4.103 8.33

NiFe,0, 34 0,7.10° 8.31
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after heating at 300 °C in inert atmosphere (Ar me-
dia) as an example. It clearly shows the preparation
of ultra dispersed single phase spinel material. The
exact composition of sample will be established
by chemical analysis, but all studied materials are
members of solid solution series Fe,O, (PDF-75-
0449) — NiFe,O, (PDF-10-0325). The presence of
single phase composition shows the incorporation
of Ni*" ions in the magnetite host matrix.

CONCLUSIONS

Physicochemical characterization of prepared by
co-precipitation procedure series of ferrite materials
with different stoichiometry Ni Fe, O, (x = 0.25,
0.5, 1) are carried out using different techniques.
The DTA-TG study and the obtained analysis results
show the dehydration and dehydrogenation tem-
peratures and crystallisation processes, as well as
the appropriate conditions for preparation of single
phase materials. High dispersion and nano-size par-
ticles is registered in all studied samples. The stud-
ied materials are members of solid solution series of
magnetite-type materials (Fe,O,). With increasing
of Ni-content in materials increasing of particle size
is obtained. The low temperature thermal treatment
at 300 °C in argon media leads to production of sin-
gle phase spinel nickel ferrite material.

Acknowledgements: The financial support by the
Bulgarian National Science Fund at the Ministry of
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is gratefully appreciated.

28

REFERENCES

1. C. Venkataraju, G. Sathishkumar, K .Sivakumar,
Journal of Magnetism and Magnetic Materials, 322,
230 (2010).

2. J. C. Aphesteguy, S. E. Jacobo, N. N. Schegoleva, G.
V. Kurlyandskaya, Journal of Alloys and Compounds,
495, 509 (2010).

3. Y. Cedeno-Mattei, O. Perales-Pérez, Microelectronics
Journal, 40, 673 (2009).

4. A. Ceylan, S. Ozcan, C. Ni, S. I. Shah, Journal of

Magnetism and Magnetic Materials, 320, 857
(2008).

5.J. Jiang, Y.-M. Yang, Materials Letters, 61, 4276
(2007).

6. A.S. Albuquerque, M. V. C. Tolentino, J. D. Ardisson,
F. C. C. Moura, R. de Mendonga, W. A. A. Macedo,
Ceramics International, 38 (9), 2225 (2012).

7. Z. Cherkezova-Zheleva, K. Zaharieva, B. Kunev, M.
Shopska, 1. Mitov, in: Nanoscience & Nanotechnology,
E. Balabanova and I. Dragieva (eds.), vol. 12, Prof.
Marin Drinov Academic Publishing House, Sofia,
2012, in press.

8. U. Schwertmann, R. Cornell, Iron Oxides in the
Laboratory, Weinheim, New Y ork-Basel-Cambridge,
1991.

9.V. Rusanov, R. G. Gilson, A. Lougear, A. X.
Trautwein, Hyperfine Interactions, 128, 353 (2000).

10.Y. Sui, W.-H. Su, F.-L. Zheng, D.-P. Xu, Materials
Science and Engineering, A286, 115 (2000).

11.D. Thickett, M. Odlyha, Journal of Thermal Analysis
and Calorimetry, 80, 565 (2005).

12.S. A. Kahani, M. Jafari, Journal of Magnetism and
Magnetic Materials, 321, 1951 (2009).

13.S. Musi¢, S. Krehula, S. Popovi¢, Materials Letters,
58, 444 (2004).

14. M. D.Merofio,J. Morales, J. L. Tirado, Thermochimica
Acta, 92, 525 (1985).



Z. Cherkezova-Zheleva et al.: Preparation and investigation of nanodimensional nickel ferrite

CHUHTE3 1 U3CJIEIBAHE HA HAHOPA3MEPEH HUKEJIOB ®EPUT

3. I1. Yepkesora-XKenesa'*, K. JI. 3axapuena', B. [leTkopa?,
b. H. Kynes', . I'. MuTos!

! Unemumym no kamanus, bBeacapcka akademus Ha Haykume, Vi. ,,Axkao. I". bonues*,
on.11, 1113 Cogus, Bvreapus
2 Unemumym no munepanozus u kpucmanozpagusi, bvieapcka akademust na naykume,
ya. ,,Akao. I'. Bonues*, 6n. 107, 1113 Cogpusa, bvreapus

Tocrprnmna wa 27 anpui, 2012 r.; npueta Ha 4 Maii, 2012 1.
(Pesrome)

HuxenoBute deputn ¢ pazmnaao ceabpxanue Ha HuKen — Ni Fe, O,, 0 < x <I ca TeXHOJIOTNYHO BayKHHU MaTe-
pHany 3a MUKPOBBIHOBH, EICKTPOHHN ¥ MATHUTHH 3aIIOMHSIIH ycTpoiicTBa. Te3n MaTtepuany ca MpeacTaBUTENN Ha
cepwust OT TBBP/M pa3TBOpH Ha mmuHenoB tun Matepuan (Fe,0,—NiFe,O,), nmamu cnenu I MarHUTHH CBOMCTBA
1 pa3JindHa CTEIICH Ha eICKTPOHHA JIeoKanu3anus. Te mokassar 100pH ra3-JeTeKTOPHI CBOHCTBA M BHCOKA KaTaJH-
THYHA aKTUBHOCT B Pa3JIMYHU IPOIECH KAaTO ITBJIHO OKUCIICHNE Ha OTIAAb4YHH Ta30B€ 1 JICTJINBY OPTaHUIHU CheINHE-
HUSI, OKHCJINTETHO JEXUIPOTeHNPAaHE Ha BBIJIEBOJOPO/IH, pa3iaraHe Ha ajJIKoXouu u ap. IloHacTosmem ronsmMo BHH-
MaHHe Ce OT/IeNs Ha MOTy4aBaHeTO Ha TaKWBa HAHOKPHUCTAIHN MaTepHaid. [IpobaeMbT Bce € OIe akTyaseH mopaan
peauna TpyIHOCTH IIPH TEXHUS CHHTE3 M M3II0JI3BAHETO HA CTICIMAIHN TeXHUKN. HuKen-chabpprkamu GepuTHn MaTe-
puamn Ni Fe, O, (x=0.25, 0.5, 1) ca momy4eHu rmo Metona Ha yrassane ¢ ninonsBane Ha FeCl;-6H,0, FeCl,-4H,0 u
NiCl,-6H,0 kaTo mpeKxypcopH B HaIlll MpeANIIHE u3caeaBanus. Ho B cuHTe3npaHUTe MaTepuaay ca perucTpupaHn
MAaJIK1 KolndecTBa MexanHHa (aza — FeOOH. Llexn Ha n3ciieBaHETO € ja ce HaMepy €BTHH U JIECEH HauuH 32 IOy~
YaBaHETO Ha HAHOPA3MEPHHU MaTepuaai OT MarHeTuToB TUIL. C IIel [a ce MoayvaTr eAH0(a3HH MIITHHETHN MaTepHalln
ca TIPOBEICHH T€PMOTPaBUMETPHUCH, Mu(epeHIraneH TepMOTrpaBUMETpUIeH U An(epeHINaIeH TEPMUUCH aHAIIN3,
KaKTO M pa3INdHI XUMUYIHHU U CTPYKTYPHH U3CIIEIBAHNS KaTO PEHTTeHOBa Audpakius 1 MbocOayepoBa ClIeKTPOCKO-
nust. B pe3ynraT Ha n3cieaBaHeTo ca HAMEPEHH MOIXOIINTE YCIOBHS Ha NomydaBaHe. CHHTE3bT BKIIOUBA ITPOIIEC
Ha yTasBaHe, KOMOMHHPAHO C HUCKO TeMIIepaTypHa TEPMUYHA 00padOTKa Ha MaTepHAIIITE.
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A study was conducted of the adsorption capacity of slag samples obtained by crystallization of granulated blast
furnace slag with and without AL,O, and MgO additions in aqueous solutions of Cu (II), and a comparison was made
between the original amorphous slag and the synthesized samples with main phases gehlenite and akermanite. The
purpose of the study was to make evaluation of the adsorption of heavy metal ions by the main phases (crystalline and
amorphous) of blast furnace slag. The comparative analysis of adsorption and XRD data showed that the formation
in slag of melililite crystal phases (gehlenite and dkermanite) and merwinite results in an almost double increase of
Cu (II) adsorption, compared to amorphous slag. The addition of Al,O, alone and in combination with MgO leads to

crystallization of a sorption inactive spinel phase.

Key words: blast furnace slag, Cu (II) adsorption, crystallization, merwinite, melilite.

INTRODUCTION

The disposal of a large volume of metallurgi-
cal slags as by-products in iron and steel indus-
try is an important environmental and economic
problem. Its solution should be sought in three
directions: 1) use in construction (production of
cement, concrete, railroad ballast, roof coverings,
mineral wool, glass, etc.); 2) extraction of useful
components 3) water treatment reagents (neutrali-
zation and precipitation systems for purification
of industrial water contaminated by heavy metals,
adsorbents).

The good adsorption capacity of blast-furnace
slag (BFS) for heavy metals, phosphates, arsenic (V
and III) and organic pollutants [1-6] provides good
opportunity for the use of slag in locally based proc-
esses of waste water treatment. Slag low price and
large quantities are a prerequisite for the economic
efficiency of such treatment processes. The BFS
chemical composition and structure play a key role
in the adsorption activity. Previous research on sorp-

* To whom all correspondence should be sent:
E-mail: irena@uctm.edu

tion-active phase/phases in BFS [7, 8] has shown the
positive effect of the thermal treatment of granulated
blast furnace slag (GBFS) due to the crystallization
of melilite — a crystal phase typical for BFS. The
term melilite is used to denote the representatives
of isomorphic series gehlenite (Ca,Al,SiO,) — éker-
manite (Ca,MgSi,0,). However, in its broad sense
the term also encompasses other crystalline phases
of a melilite-type structure. The melilite structure
tolerates isomorphic substitutions; therefore, the
formation of a melilite phase with a complex com-
position is highly probable, given the complex com-
position of Kremikovtsi BFS (presence of Mn, Fe,
Ba, Na, etc.). In addition to components such as geh-
lenite (Ca,ALSiO,) and &kermanite (Ca,MgSi,0,),
amounts of Ca,MnSi,0,, Ca,Fe**Si,0,, Ca,Fe’*,Si0O,
as well as partial substitutions in the structural posi-
tions of Ca by Ba and Na should also be expected.
Similar-type melilites containing barium and man-
ganese have been found in Kremikovtsi BFS crystal
samples [9]. Furthermore, synthetic melilites with
a higher Ca content have been reported to exhibit
large stoichiometric deviations [10]. For these rea-
sons, the quantity of the formed melilite phase often
exceeds the expected quantity based on prelimi-
nary calculations.
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The formation of melilites in Kremikovtsi BFS is
limited by its low AL,O, and MgO content. It could
be assumed that an appropriate ratio modification of
the major oxides CaO, MgO Al O, and SiO, would
enhance the crystallization of adsorption-active
phases with a melilite structure. Therefore, the goal
of the study was to add Al,O, and MgO in amounts
that promote melilite crystallization. The amounts
to be added in slag were calculated based on the
chemical composition of the original slag. The ef-
fect of these additions on the adsorption capacity of
BFS was evaluated in terms of adsorption capacity
to remove copper ions from aqueous solutions.

EXPERIMENTAL

Synthesis of samples

The samples were synthesized using GBFS with
the following composition (in %, ): SiO, — 34.0;
Ca0—44.0; A1,0,—6.40; MnO —2.33; MgO —2.45;
BaO — 3.2. In the present study the original granu-
lated slag sample is denoted as sample GBFS.

The following samples were synthesized:

— Sample GBFS/1050 — the sample of granulated
blast furnace slag was crushed with a mortar and
then heated at 1050 °C for 6 hours in air.

— Sample GBFS/1400 — using the same proce-
dure, heated at 1400 °C.

— Sample GBFS+AL O, — mixture of 2 g slag and
0.72 g of aluminum oxide crushed and heated for
6 hours at 1400 °C.

— Sample GBFS+MgO — mixture of 2 g slag
and 0.3 g magnesium oxide heated at 1400 °C for
6 hours.

— Sample GBFS+ALO,+MgO was obtained
by using the above procedure plus additions of
0.24 g aluminum oxide and 0.15 g magnesium ox-
ide to amount of 2 g of the original slag.

The synthetic gehlenite (2Ca0.Al,0,.Si0,) was
obtained through solid-state synthesis using the fol-
lowing high purity (over 98.5%) reagents: CaCO,,
Al O, and SiO,. A stoichiometric mixture of 1.56 g
CaCoO,, 1.02 g ALO, and 0.60 g SiO,, crushed in
an agate mortar and placed in a corundum crucible,
was heated successively at 1000, 1200 and 1400 °C
for 6 hours with intermediate grinding of the prod-
uct. The same procedure was used to synthesize syn-
thetic dkermanite (2Ca0.Mg0.285i0,), by mixturing
1.56 g CaCO,, 0.403 g MgO and 1.20 g SiO,. The
synthesis of samples was preformed in a high-tem-
perature Kanthal Super furnace with Temperature
Controller/Programmer. The XRD analysis showed
that the synthesis of both minerals occurred at tem-
peratures above 1200 °C. The synthesis was con-
ducted at the maximum temperature (1400 °C) at

which they are treated slag samples. Under these
conditions, the main phases in the samples are, re-
spectively, gehlenite and akermanite.

Experimental methods

Structural characterization was performed by
powder X-ray diffraction (XRD) using a Bruker
D8 Advance Powder Diffractometer with CuKa
radiation and a SolX detector. XRD spectra were
recorded at room temperature. Data were collected
in the 20 range from 10 to 80 degree with a step
0.04 degree and 1s/step counting time. The crys-
talline phases were identified using the powder
diffraction files PDF 35-0755, PDF 35-0592, PDF
79-2422, PDF 79-2423, PDF 79-2424, PDF 74-
0874, PDF 35-591, PDF 33-0302, PDF 70-2144,
PDF 34-1350 and PDF 82-2424 from database
JCPDS - International Centre for Diffraction Data
PCPDFWIN v.2.2. (2001) [11]

Adsorption evaluation of Cu (II) cations by the
synthesized samples was conducted through an ad-
sorption test under the following static conditions:
9 samples of 0.1 g of each sample and 100 ml of
CuSO, solution; Cu (IT) concentration of 25.45 mg/L;
pH 5.40, placed for 48 hours in an oven thermostat at
25 °C to establish equilibrium.

Then samples were filtered and the values of the
pH of the filtrate and Cu (II) concentration were
measured. The concentration of Cu (II) was de-
termined photometrically at A = 560 nm using DR
2800 Spectrophotometer.

The adsorption capacity was calculated as:

(G, —O)xV
m

A

Where: 4 — adsorption capacity (mg/g); C, — origi-
nal Cu(II) concentration in the solution (mg/L); C -
Cu(II) concentration in solution after 48 h. (mg/L);
V' — Cu (II) solution volume (L); m — mass of the

sample (g).

RESULTS AND DISCUSSION

Figures 1 and 2 represent the X-ray diffraction
patterns of the studied samples. In Fig. 1 (Sample
GBFS XRD pattern) a halo is observed between 20
and 40° 20, which points to the predomination of
an amorphous phase in the sample, i.e. slag glass.
The diffraction peaks are related to the early stages
of melilite crystallization. Heat treatment of blast
furnace slag at 1050 °C (sample GBFS/1050) leads
to melilite (PDF 79-2423) crystallization, accompa-
nied by crystallization of calcium silicate CaSiO,
pseudowollastonite (PDF 74-0874). The increase
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Fig. 1. XRD patterns of thermal treated slag samples
and synthesized samples with main phases akermanite
(Ca,MgSi,0,) and gehlenite (Ca,AlSiO.)

of treatment temperature up to 1400 °C (sample
GBFS/1400) resulted in melt crystallization of mer-
winite Ca,Mg[SiO,], (PDF 35-591) and melilite
(79-2424). The separate or simultaneous addition
of MgO and ALO; affected differently the phase
formation. The X-ray diffractogramms of sample
GBFS+ALO, (with added Al,0,) and GBFS/1050
sample are similar in the predomination of melilite
(PDF 79-2423 and PDF 79 -2422) in both samples.
Differences are found in the other crystal phases.
The addition of Al,O, leads to crystallization of
some amounts of spinel (PDF 82-2424) in sample
GBFS+ALO,. Melilite (PDF 79-2423) is also the
main phase in sample GBFS+AL,O,+MgO and the
amount of the accompanying spinel is higher. The
X-ray diffraction pattern of sample GBFS+MgO
shows increased amounts of merwinite (PDF 35-591,
compared to sample GBFS/1400 (without additions),
both samples treated at the same temperature.
Figure 1 shows the X-ray diffraction patterns
of the synthesized minerals gehlenite and aker-
manite. The XRD patterns show successful syn-
thesis of the specified minerals, but intermediate

32

phases are also found. In Gehlenite sample these
are gehlenite Ca,Al,SiO, (PDF 35-0755), larnite
Ca,Si0, (PDF 33-0302), and mayenite Ca,,Al,,O;,
(PDF 70-2144). In Akermanite sample &kerman-
ite Ca,MgSi,0, (PDF 35-0592) is the predominant
crystal phase, but bredigite Ca,Mg[SiO,], (PDF
34-1350) is also present.

Adsorption-capacity (AC) data is given in
Tables 1 and 2. It can clearly be seen that slag AC
is determined by the level of crystallization and the
type of the crystalline phases. The lowest capac-
ity is shown by the original sample, which is (ac-
cording to XRD data) amorphous for the most part
and contains small amount of melilite. The sample
(sample GBFS/1050) heat treatment up to 1050 °C
for 6 hours induces a higher level of crystallization.
Melilite and pseudowollastonite are formed and the
adsorption capacity (AC) is raised by 9%, compared
to the original sample (GBFS). Heat treatment at
1400°C results in a sharp 83% increase in the re-
tained Cu (II) compared with the original sample.
Apart from melilite, in sample (GBFS/1400) mer-
winite is also present. The amount of melilite in
sample GBFS/1400 is significantly smaller than in

Crystal phases:
u Melilite
X Spinel
v Merwinite

Intensity, a.u.
ux

GBFS+AL,0,+MgO

GBFS+AI,0,

10 20 30 40 50 60 70 80
2 Theta scale, degree

Fig. 2. XRD patterns of thermal treated slag samples with
Al, 0O, and MgO additions
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Table 1.
Sample A, mg/L Phases
GBFS 133 amorphous phase + melilite
GBFS/1050 14.5 melilite + pseudowollastonite
GBFS/1400 244 amorphpus phase +merwinite

+ melilite

Gehlenite 234 gehlenite + mayenite + larnite
Akermanite 21.6 akermanite + bredigite

sample GBFS/1050. Therefore, the higher AC of
the slag sample treated at higher temperature can be
related to the formation of a merwinite crystal phase
and/or a residual glass phase.

The AC of slag samples with Al,O, and MgO
additions is generally lower when compared to the
sample GBFS/1400 without additions, treated at the
same temperature (Table 2). One exception is sam-
ple GBFS+MgO, which shows the maximum AC
increase of 88 %, compared to the original slag ma-
terial. The phase composition of this sample also dif-
fers, merwinite being its main phase. This leads to a
conclusion that the presence of merwinite improves
the adsorption properties of slag materials. AC data
for the remaining slag samples with Al,O, and MgO
additions is similar and corresponds to their close
phase composition. It is evident that additions in
slag do not lead to an increase of the amount of me-
lilite. The amount of the melilite phase in pure slag
treated at 1050 °C is higher. In most of the samples,
the additions react with other components in slag
and new adsorption-inactive phases are formed:
spinels. The synthetic samples with gehlenite and
akermanite as predominant phases also have a high
AC. The obtained results are in complete accord-
ance with previous findings [7, 8] reporting that
increase of the level of crystallization and the pres-
ence of melilite phases (such as gehlenite and éker-
manite) result in significant increase of slag AC. On
the other hand, one should bear in mind the presence
of other crystal phases in the samples that also affect
the AC. Therefore, we can not make firm conclusions
about the roles played by dkermanite and gehlenite.

Table 2.
Sample A, mg/L Crystal phases
GBFS+AL0, 15.2 melilite + spinel
GBFS+AL0,+MgO 15.3 melilite + spinel
GBFS+MgO 25.0 merwinite + melilite

According to the XRD data (Fig. 1 and 2), many slag
samples contain identical amounts of dkermanite
and gehlenite in the melilite crystal phase of the
synthesized samples. However, slag samples with a
predominant melilite crystal phase exhibit lower AC
compared to the synthesized samples. This means
that besides the phase composition and respectively
quantity of the melilite phase, other factors have
a significant impact on the adsorption properties,
most probably the structural characteristics of the
samples and the chemical composition of formed
melilite. The obtained experimental data does not
permit to establish clear dependency between the
amounts of melilite in samples and the AC value,
but it is indisputable that a 9-15 % higher AC is ob-
served in slag samples with a predominant melilite,
compared to the original slag.

The presented experimental data allows finding
a correlation between the phase composition and
the adsorption properties of BFS. The presence of
merwinite and melilite induces a higher AC of the
slag samples. The results allow us to make a new
and interesting conclusion — merwinite also exhibits
a high AC, apart from the minerals gehlenite and
akermanite. This is proved by the fact that samples
containing this mineral showed the highest AC. The
addition of Al,O, and Al,O,+MgO did not consid-
erably influence the adsorption properties of slag
samples. Only MgO addition positively affected
the promotion of the merwinite crystallization. As
already known [1, 7], the AC of metallurgical slag
take place primarily by a cation exchange process.
The adsorption is based on exchange reactions rep-
resented by the following scheme:

[ALSi,0]Ca> + Cu** — [ALSL,0]Cu> + Ca> (1)

[ALSi,0,Ca]Mg* + Cu>* —
[ALSi,0,Ca]Cu? + Mg>* ©)

The possibility of exchange depends on the
structure of slag and accordingly of the crystal struc-
ture of the formed minerals. Schematic diagrams
of akermanite and merwinite crystal structures are
shown in Figs. 3 and 4. We have chosen dkerman-
ite instead of gehlenite for its Mg?" content. Both
minerals belong to different structural types and the
coordination of Mg?" and Ca?* cations differs. As
shown earlier, [12, 13] &kermanite and gehlenite
are tetragonal. The crystal cell data are: space group
P42 ,m,a=17.8288(8) A, c=5.0052(2) A for aker-
manite and. space group P42 m, a = 7.6850(4) A,
c = 5.0636(3) A for gehlenite [13]. Akermanite is
part of the silicates with diorthogroups of silicon-
oxygen tetrahedra. These structural units are linked
with each other through the so-called “particular
type” of tetrahedra [MgO,]. The tetrahedral lay-
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ers alternate along c-axis with layers of calcium
polyhedrons. The coordination number of Ca?*
is 8. Merwinite crystallizes in the orthorhombic
space group P2,/a and the cell parameters are a =
13.25421) A, b=5.293(9) A, c=9.328(17) A, B =
91.90(15)° The structure of merwinite is an extreme
example of dense packing where both O* and Ca’
ions make up the dense-packed layers. The [MgO,]
octahedra are linked at every corner by [SiO,] tetra-
hedra. The [MgO,] octahedra are linked by [SiO,]
tetrahedra and form slabs parallel to (100). The Ca**
ions have three structural positions with coordina-
tion numbers between 8 and 9 [15]. Despite the ob-
vious differences, a common feature of both struc-
tures is the location of Ca** cations in layers between
slabs of linked silicon and magnesium polyhedrons.
Probably this structural feature permits the easy ex-
change of Mg*" and Ca*" cations, which increases
the AC of slag containing these minerals.
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Fig. 3. Crystal structure of merwinite

Crystal structure of merwinite (Ca,Mg[SiO,],) projected
on the (100) plane (a) and the (010) plane (b). White
spheres are calcium atoms, dark polyhedra are MgO,
octahedra, and light polyhedra are SiO, tetrahedra. Some
details of structure are presented. [MgO,] octahedron
is linked at every corner by [SiO,] tetrahedra (c). The
[MgO,] octahedra linked by [SiO,] tetrahedra form slabs
parallel to (100) (d).

The experimental results show that besides the
melilite group, merwinite has certain adsorption
capacity towards heavy metals, too. This finding
extends the possible application of slag and
slag based products in the purification of water
contaminated by heavy metals.

CONCLUSIONS

The experimental results demonstrate the possi-
bility to increase the AC of granulated blast furnace
slag for heavy metals (Cull) with over 80% through
crystallization.

The crystallization of granulated slag or a mix-
ture of granulated blast-furnace slag with 13% addi-
tion of MgO leads to the formation of crystal phases
—melilite and merwinite. The presence of both min-
erals in slag leads to an almost double increase in
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Fig. 4. Crystal structure of dkermanite

Crystal structure of akermanite (Ca,MgSi,0,) projected
on the (001) plane (a) and the (100) plane (b). White
spheres are calcium atoms, dark polyhedra are MgO, tet-
rahedra, and light polyhedra are SiO, tetrahedra

adsorption activity compared to the original amor-
phous product.

The crystallization of a mixture containing
granulated blast-furnace slag with addition of Al,O,

(alone and in combination with MgO) does not lead
to an increase of the adsorption activity.

The minerals merwinite, gehlenite and dkerman-
ite are adsorption-active phases determinative for
the very high levels of adsorption of heavy metal
ions by blast furnace metallurgical slag.

Slag samples with a main crystal phase merwi-
nite exhibit the highest adsorption capacity. The
promotion of merwinite crystallization would allow
synthesizing materials with high adsorption capac-
ity towards Cull.
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[Mocrpmuna Ha 12 mapt, 2012 r.; npuera Ha 24 anpui, 2012 r.
(Pesrome)

AZICOpPOIMOHHUAT KallalUTET Ha IIJIAKOBU 00pa3ly, MOIyYeHH Ype3 KPUCTATH3aLMs Ha TpaHyIipaHa JOMEHHA
nutaka 6e3 u ¢ gob6asku Ha Al,O; n MgO, Geme n3cnenBan BB Bogau paztBopu Ha Cu(Il) u cpaBHeH ¢ To3m Ha
M3X0/HA aMop(Ha [IJIaKa ¥ Ha CHHTE3UpaHM 0Opa3ly ¢ OCHOBHH (a3u IeJICHUT U akepMaHHT. LlenTa Ha u3cnen-
BaHETO Oemre: OIeHKa Ha afcopONMOHHATAa aKTUBHOCT Ha OCHOBHHTE (pa3W B JOMEHHaTa IUIaKa (KPUCTATHH U
aMop(hHN) KBM TEKKH MeTamHU HoHH. CpaBHUTETHUAT aHAIHW3 Ha ancopOmuoHHUTE HaHHW M XRD mokasa, de
(dbopMupaHeTo Ha KpUcTaTHUTE a3y MEPBUHUT M MEJIHJIHT (TEJICHUT U aKEPMAHUT) B IIUTAKATa IPESIU3BUKBA IIOYTH
NIBOITHO yBeNIMYEHUE Ha aJIcOPOIMOHHUAT KamanuTeT mo otHomeHue Ha Cu(Il) B cpaBHeHme ¢ amopdHaTa maxa.
Job6askara Ha Al,O, caMOCTOSITETHO, KaKTO M B KOMOMHaIuMs ¢ MgO BoaM 10 KpUCTAJUIM3AIUS HA COPOIIMOHHO
HeaKTHBHA (Da3a IIITIHEI.

36



Bulgarian Chemical Communications, Volume 44, Proceedings of the I[I'* National Crystallographic Symposium (pp. 37-46) 2012

Synthesis and structural details of perovskites within the series PrCo, Cr O,
(x=0,0.33,0.5,0.67 and 1)

S. Dimitrovska-Lazova'*, D. Kovacheva?, S. Aleksovska!, M. Marinsek?®, P. Tzvetkov?

! University “St. Cyril and Methodius”, Faculty of Natural Sciences and Mathematics,
Arhimedova 5, Skopje, R. Macedonia
? Institute of General and Inorganic Chemistry, Bulgarian Academy of Science,
“Acad. Georgi Bonchev” bl. 11, 1113 Sofia, Bulgaria
? University of Ljubljana, Faculty of Chemistry and Chemical Technology,
Askerceva c. 5, 1000 Ljubljana, R. Slovenia

Received March 21, 2012; Revised May 2, 2012

Results on synthesis, structural investigations and the morphology of complex perovskites of general formula
PrCo, Cr O, (withx =0, 0.33, 0.5, 0.67 and 1) are presented. The synthesis of the perovskites within this series was
performed by solution combustion method using two different fuels: urea and glycine. The annealed samples were
identified using X-ray powder diffraction. The purity of the compounds obtained using glycine as a fuel was better
and for further investigations perovskites obtained with this fuel were used. The crystal structure was refined by
the Rietveld method, and the morphology of the particles was investigated using SEM. All compounds within the
series crystallize in Pnma space group (Z = 4). The effect of the substitution of Co*" ion with Cr** was investigated
by analyzing different crystallochemical parameters (bond-lengths and tilt angels of the coordination octahedra,
global instability index etc). A very interesting trend in changes of the structural distortion and global stability of the
compounds in respect to x e.g. substitution of Co** with Cr** was found.

Key words: complex perovskites, XRD, SEM, crystallochemical calculations.

INTRODUCTION

Within the field of material science one of the
most interesting groups of compounds belongs to
perovskite structural type. Perovskite structure en-
compasses compounds with general formula ABX,,
where A and B are cations and X is an anion. In the
ideal perovskite structure the B-cation is coordinat-
ed by six anions in almost regular octahedron. The
BX, octahedra are sharing same corners thus form-
ing three-dimensional network of octahedral chains.
The cavities formed by the octahedra are filled by
A-cations which are cubooctahedrally coordinated
by the anions. This kind of arrangement leads to cu-
bic (Pm3m) structure [1, 2]. An important feature of
perovskite structure is possible rotation (for small
angle) of the BX, octahedra, while still retaining
the chain-like connectivity. As a result, the sym-
metry of the structure is lowered to orthorhombic,
monoclinic, hexagonal, etc. This structural flex-

* To whom all correspondence should be sent:
E-mail: sandra@pmf.ukim.mk

ibility enables including almost all elements from
the periodic table in the perovskite structure. So,
there is great number of possible combinations of
different cations in A and B positions, but also dif-
ferent anions in the X-position may be found, such
as oxygen, halogen ions, cyanide group etc. Among
these anions the most common are perovskites with
oxide anion. Another important feature of the per-
ovskite structure is the possibility for multiple sub-
stitutions in the positions of the cations, thus form-
ing so-called complex perovskites. This possibility
drastically enlarges the number of compounds with
perovskite structure.

Depending on the nature of A and B cations
and particular crystal structure, the physical and
chemical properties of perovskites may vary in a
wide range. Namely, in this group of compounds
different physical and chemical properties emerge,
namely: pyroelectricity, piezoelectricity, colossal
magnetoresistance, catalytic activity, ferromagnet-
ism, superconductivity etc. [1, 3]. From this point
of view the perovskites containing cobalt ion in the
B-position are intensively studied. Namely, cobalt-
perovskites (RCo0O,) exhibit interesting properties
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such as high electronic conductivity [4], metal to
insulator transition with increasing temperature [5],
significant catalytic activity [3], specific magnetic
properties [6—8], etc. Properties of cobaltates are
tightly connected with some characteristics of cobalt
ions such as the possibility to change the oxidation
state (Co*", Co*", Co?") and also the possibility of
altering the spin state of the Co*" ion [7, 9, 10]. The
change of the oxidation state of cobalt ion is usually
triggered by substitutions in A or B positions (as in
R, Sr,Co0O;,) [11]. The spin state of the cobalt ion in
compounds with rare earth metal in A-position has
been a subject of investigation in a large number of
studies [7, 9, 10, 12—16]. The spin state of Co** ion
may change from low spin (LS) with z,° electron con-
figuration, intermediate spin state (IS) with one elec-
tron in e-orbital (z,0e,) or high spin state (HS) with
configuration ¢,%e2. It is expected that compounds
with IS and HS state of the Co’" ion to encounter
Jahn-Teller distortion of the CoO, octahedra. At
room temperature in most of the RCoO; perovskites
(R is rare earth) Co®" is in LS state. It is found that
at room temperature the amount of IS Co’" ions is
the highest in LaCoO,, while it is smaller in PrCoO,
[10] Actually, with decreasing of the ionic radii of
R** in the RCoO, series, the amount of the LS state
of Co* ions is increasing [10, 16].

Continuing our investigation on different per-
ovskites with cobalt ion [17, 18], in this work we
present the synthesis of the perovskite series of
general formula PrCo, Cr O, (with x = 0, 0.33,
0.5, 0.67 and 1), the investigations of their crys-
tal structure and some important crystallographic
characteristics connected with the substitution of
the cations in B position.

Although there is literature data [19—30] for the
end members of the series (PrCoO, and PrCrO,),
any data about the solid solution between these two
compounds have not been found yet. The literature
data shows that PrCoO, and PrCrO, may be syn-
thesized by different methods such as: solid stated
synthesis [7, 19, 20], decomposition of citrate pre-
cursor [21-24, 8, 11], synthesis based on complex
precursors [25—29], self-propagating high tempera-
ture synthesis [30] and hydrothermal synthesis [30].
In this work the synthesis of Pr-perovskites by solu-
tion combustion method using two fuels — glycine
and urea is presented.

It should be pointed out that the crystal struc-
tures of the end members of the series presented in
this paper are already known. According to some
literature data PrCoQ, is cubic [19, 21, 24], but ac-
cording to some others, it is orthorhombic [7, §, 10,
11, 20, 22]. Some more detailed structural analy-
sis of PrCoO, by XRD and neutron diffraction [11,
22] point out also that this compound crystallizes in
the orthorhombic system (space group Pnma). The
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crystal structure of PrCrO, was also reported [20, 26,
30, 31] as orthorhombic, space group Pnma. Taking
these findings into consideration, it is expected that
the new-synthesized complex perovskites of cobalt
and chromium should crystallize in the orthorhom-
bic system. Also, it is expected that the substitution
of Co* (1(Co*) =0.545 A, LS) with chromium Cr**
ion, which has slightly bigger ionic radii (#(Cr*") =
0.615 A), would increase the lattice parameters and,
consequently, the volume of the unit cell. In order
to analyze the influence of substitution of Co*" with
Cr*" on the crystal structure, the synthesized com-
pounds were characterized by XRD and their crys-
tal structure and several crystallographic parameters
were calculated and compared. The morphology of
the studied samples was also investigated by scan-
ning electron microscopy (SEM).

EXPERIMENTAL

Synthesis

The synthesis of the PrCo, Cr O, perovskites
was performed by solution combustion method. For
this purpose, nitrates of the constituting metals were
used as starting materials. Calculated amounts of
metal nitrates (Pr(NO,),-6H,0, Co(NO,),'6H,0 and
Cr(NO,),"9H,0) were dissolved in small amount of
distilled water. The obtained solutions were thor-
oughly mixed on a stirrer. These solutions were used
as starting mixtures in the combustion synthesis. The
combustion syntheses were performed using two fu-
els: urea (CO(NH,),) or glycine (NH,CH,COOH).
The amounts of the fuels were calculated on the ba-
sis of propellant chemistry and were set to 1 [32].
The composition of the solutions varied according
to the formula of the synthesized perovskite.

The synthesis of the perovskites using urea as
a fuel was performed in the following manner: ap-
propriate quantity of urea was dissolved in small
amount of diluted nitric acid (1:1) and this solution
was added to the particular mixture containing metal
nitrates. After the homogenization of the solution it
was transferred in muftle furnace. The mixture was
slowly heated to temperature of ~500 °C. After the
evaporation of water a vigorous combustion reac-
tion started. In a very short time spongy powders
were formed. Resulting materials were hand milled,
transferred to ceramic dish and subjected to addi-
tional heating for 6 hours at 800 °C.

The procedure using glycine as a fuel was just
a little bit different. Glycine was dissolved in small
amount of distilled water and this solution was
added to pre-prepared mixture of metal nitrates so-
lutions. The obtained mixture was heated at 80 °C
under constant stirring. After the evaporation of
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the water and gelatinization of the solution the ves-
sel was transferred on a hot plate preheated above
300 °C. The gel boiled and after the evaporation of
remaining water an initialization and combustion
of the mixtures started. As a result, black (only in
case of PrCrO; the product was green) spongy pow-
ders were formed. As-prepared samples were hand
milled and calcined at 800 °C for 6 hours (2h and
additional 4h).

XRD

The resulting powders were analyzed by X-ray
diffraction. The XRD patterns were recorded on
Bruker D8 Advance with Cuy, radiation and SolX
detector within the range 10—-120° 26 at room tem-
perature with step-scanning of 0.02°. The crystal
structures were refined by the method of Rietveld
using the Fullprof program [33].

SEM

The microstructure of the obtained compounds
was investigated by SEM. Field-Emission FE-SEM
Zeiss ULTRA PLUS microscope using accelerat-
ing voltage of 2kV was used. The samples were put
onto graphite tape and were not gold sputtered prior
to the microscopy. Images were taken using In-lens
and/or standard Evernhart-Thornley secondary elec-
tron (SE) detectors.

RESULTS AND DISCUSSION

As was mentioned in the experimental part, the
solid solutions PrCo, Cr O, (x =0, 0.33, 0.5, 0.67

Intensity

Fig. 1. XRD patterns of PrCo,Cr, O,
obtained using (a) urea (heat treated for 0 -
6h at 800 °C), (b) glycine (as-synthesized)

and 1) were synthesized using both urea and gly-
cine as a fuel. The recorded XRD patterns of the
samples showed that in both cases perovskite com-
pounds with same structure were obtained but the
samples prepared using glycine as a fuel, were of
better purity. This is illustrated by the XRD pat-
terns (Fig. 1) for one of the members of the series
(PrCo, ;Cr, ;0O,).

The XRD pattern on Figure la corresponds to
PrCo, ;Cr, ;O, synthesized using urea and the others
(Figs. 1b-d) using glycine as a fuel. Some impuri-
ties of Co,0, could be detected in the compound
obtained via urea (Fig. 1a), which are not present
in the compound obtained at same temperature but
via glycine (Fig. 1d). It should be mentioned that in
the case of PrCoCr, O, the formation of the per-
ovskite phase began right after the combustion of
the initial mixture (as-synthesized sample, Fig. 1b)
but by further heating on 800 °C a better crystallin-
ity was obtained (Fig. 1b—d). Since the purity of the
samples obtained using glycine was better than that
using urea, the further investigations and discussion
of the results were carried out on the samples syn-
thesized by glycine.

The XRD patterns of the perovskite series
PrCo, CrO;(x=0,0.33,0.5,0.67 and 1) obtained
by the same synthetic route (heated 4 h on 800 °C)
are presented on Figure 2.

As expected, the obtained compounds are iso-
structural and with perovskite structure. Namely,
the obtained XRD patterns of the end members of
the series, PrCoO, and PrCrO,, are in accordance
with the literature data [8, 22, 34]. Complex per-
ovskites within the series show gradual shifting

(c) glycine (after heat treatment for 2h at
800 °C), (d) glycine (after additional heat
treatment for 4h at 800 °C)

30 60
20/°
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Fig. 2. XRD patterns of (a) PrCoO,,
(b) PrCo, ;Cr, 1,05, (¢) PrCo, ;Cr, 0,
(d) PrCo, ,Cr, 5,05, () PrCrO,
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Table 1. Unit cell parameters, b/\2, pseudo-cubic parameter a, calculated using the equation a, = (V/Z)'” where Z is
number of atoms in assymetric unit and volume (») of the unit cell

alA b/A c/A (bN2)/A a/A VIA3 ratio
PrCoO, 5.34355(8) 7.57728(10)  5.37634(8) 53580  3.7896  217.6857 c¢>bN2>a
PrCo, .,Cr, 1,0, 5.3834(3) 7.6139(4) 5.4027(4) 53838 38113 2214495 c¢>bA\2~a
PrCo, Cr, O, 5.4141(3) 7.6502(7) 5.4145(6) 54095  3.8274 2242630 a~c>bA2
PrCo, ,,Cr, ,0, 5.43702(20)  7.6750(3) 5.4292(2) 54270  3.8404 2265558 a>bA2>c¢
PrCrO, 547897(10)  7.71528(16)  5.45127(11) 54555  3.8622 2304349 a>bA2>c

of the diffraction peaks towards smaller 20 values
with increasing of the value of x (Fig. 2), suggesting
gradual increase of the substitution of cobalt ion.
These results are in accordance with the expected
changes in the XRD pattern in a case when smaller
cation (Co*") is substituted with bigger one (Cr*").

As previously mentioned, the end members
of the series, PrCoO, and PrCrO,, have GdFeO;-
orthorhombic structure [8, 22, 34] and, accordingly,
it was expected that all members of the series would
be orthorhombic. The refinement of the crystal
structures showed that all compounds crystallize in
the orthorhombic space group Pnma, with four for-
mula units per unit cell. The unit cell parameters,
cell volumes, as well as, the pseudo-cubic param-
eter are presented in Table 1.

In aim to present the complete crystal structure
of the newly synthesized members of the series, the
Rietveld refinement approach was undertaken. The
refinements were carried out using the structural
model for PrCoO, as a starting model. For the inter-
mediate structures it was assumed that the Co(III)
and Cr(III) cations are randomly distributed in same
crystallographic positions. The calculated and ob-
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served patterns obtained by Rietveld refimenent for
one of the compounds (PrCo, ,Cr, O,) is presented
on Fig. 3 just as an example.

The fractional atomic coordinates and the discrep-
ancy factors are presented in Table 2, and Table 3
presents selected distances and angles as well as the
distortions of the coordination polyhedrons.

The values of the unit cell parameters of the end
members of this series are in good agreement with
the literature data [8, 22, 34]. Analyzing the changes
of the unit cell parameters throughout the series and
the relations between them, some interesting facts
have arisen. Namely, as expected, the substitution of
smaller Co*" with slightly bigger Cr** increases the
unit cell parameters, cell volumes, and the pseudo-
cubic parameter a,, (Table 1). However, it is interest-
ing to note the changes in the relationship between a
and ¢ parameters. As may be noticed from Figure 4,
this relationship changes from ¢ > a (PrCoO, and
PrCo,,Cr, ;,0;) through ¢ = a (PrCo,;Cr,,0,) to
¢ <a (PrCo, ;,Cr, (,O, and PrCrO,).

Obviously, in PrCo, Cr O, series the decrease
of the ionic radii of B-cation (from #(Cr*") = 0.615 A
to 7(Co*") = 0.545 A) leads toward change in the
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Fig. 3. Observed and calculated
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Table 2. Fractional atomic coordinates and discrepancy factors for PrCo, Cr O, solid solution
Atoms Param. PrCoO, PrCo, (,Cr, 1,0, PrCo, ;Cr, 0O, PrCo,;,Cr, ,O, PrCrO,
X 0.02913(13) 0.02964(15) 0.03142(13) 0.03306(10) 0.03545(8)
Pr y 0.25 0.25 0.25 0.25 0.25
z 0.9954(5) 0.9955(6) 0.9940(5) 0.9947(4) 0.9927(2)
B 0.33(2) 0.29(3) 0.25(2) 0.292(19) 0.390(14)
Co/Cr B 0.06(3) 0.18(4) 0.06(3) 0.12(3) 0.22(2)
X 0.4947(15) 0.4893(16) 0.4864(15) 0.4897(14) 0.4869(10)
o1 y 0.25 0.25 0.25 0.25 0.25
z 0.060(2) 0.054(3) 0.060(3) 0.072(4) 0.0643(18)
B 1.9(4) 0.2(6) 0.6(7) 0.9(6) 0.9(3)
X 0.274(2) 0.282(3) 0.288(3) 0.294(2) 0.2905(13)
02 y 0.0388(14) 0.0420(17) 0.0353(16) 0.0364(14) 0.0428(10)
z 0.7138(19) 0.700(3) 0.701(3) 0.7086(19) 0.7101(13)
B 0.9(3) 1.8(3) 0.9(3) 0.9(3) 1.04(16)
R,/% 14.6 13.8 11.3 10.3 7.74
R, /% 10.7 11.9 10.4 9.86 8.66
R R, /% 9.45 9.50 8.98 8.50 7.72
! v 1.28 1.56 1.34 1.35 1.26
R,/% 3.09 2.33 1.88 2.14 1.68

relationship of the unit cell parameters from a < ¢ to
¢ > a. This a/c relationship points out to the reasons
for distortion of perovskite structure. Namely, it is
known that the transition from cubic to orthorhom-
bic structure (Pnma) due to the tilting of the octa-
hedra leads to unit cell with ¢ < a. The inverse re-
lationship, a < ¢ is characteristic for perovskites in
which additional distortion of the BO, octahedrons
appears [10]. It this series, the additional distortion
appears in cases when the content of Co*" prevails

that of Cr**, such as in PrCo,,Cr,,,0,. This ad-
ditional octahedral distortion may also be noticed
from the comparison of a, b2 and ¢ (Table 1). It
is interesting to point out that only in PrCrO, and
PrCo,,,Cr, (O, the relation between these parame-
ters is a > b\2 > c as in the O-type perovskites. In this
type of perovskites the octahedral tilting is primarily
the only distortional mechanism and the lattice dis-
tortion is small. In PrCo, Cr, ;O, a and ¢ parameters
are almost identical, @ ~ ¢ > b/\2 and this perovskite
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Table 3. Values of Pr-O and B-O distances, average <Pr-O> distances in twelve coordinated praseodymium
and average distance in BO, octahedra, A,,, A, and A, B-O1-B and B-O2-B angles

PrCoO, PrCo, ,Cr, ;;0, PrCo, ;Cr, O, PrCo, ;;Cr, (,O, PrCrO,
2.877(8) 2.926(9) 2.972(8) 2.984(8) 3.031(6)
Pr-O1 2.512(8) 2.49509) 2.489(8) 2.518(8) 2.504(6)
2.992(11) 2.977(16) 3.010(16) 3.09(2) 3.048(10)
2.397(11) 2.444(16) 2.427(16) 2.36(2) 2.430(10)
2.562(11) 2.627(15) 2.673(15) 2.667(11) 2.623(7)
Pr-02 x 2 2.384(11) 2.324(15) 2.356(14) 2.365(11) 2.362(7)
3.140(11) 3.235(15) 3.238(15) 3.254(11) 3.304(7)
2.697(11) 2.682(14) 2.641(14) 2.658(11) 2.723(8)
<Pr-O>,, 2.6953 2.7148 2.7262 2.7367 2.7531
A, 9.9624 12.429 12.39 13.46 14.06
Ay, 5.7991 6.5998 6.917 8.18 7.885
B-O1x1 1.9218(18) 1.927(2) 1.941(3) 1.959(4) 1.9617(18)
B-02 x2 1.885(11) 1.891(16) 1.921(16) 1.979(11) 1.988(7)
1.978(10) 2.026(16) 2.003(16) 1.958(11) 1.981(7)
<B-O> 1.9283 1.948 1.955 1.9653 1.9769
A, 0.3933 0.8586 0.3189 0.0242 0.0316
B-O1-B 160.6 162.24 160.24 156.74 158.98
B-02-B 157.8 153.6 154.7 154.7 153.6

is orthorhombic with pseudo-tetragonal unit cell. In
the last two members (PrCoO, and PrCo, ..Cr, ;,0;)
the ratio between the unit cell parameters changes to
¢ > b2 > a, which also highlights some additional
distortion of the octahedra. It is interesting to com-
pare these results with structural changes in RCoO,
(R = lantanide) series [7, 22], where the change in
the mutual relationship between a and ¢ parameters
(from a > ¢ to ¢ > a) is driven by the increasing of
the ionic radii of A-cation. This change ends with
change in symmetry from orthorhombic to rombo-
hedral (at LaCoO,).

Taking into consideration these changes in the unit
cell parameters relationship due to the Co*"/Cr*" sub-

stitution an additional crystallochemical calculations
were done. Also, it seemed interesting to examine the
possibility of changes in morphology and dimensions
of the crystals obtained by Co*"/Cr*" substitution in
the perovskite structure.

The distortion of the octahedra may be pa-
rameterized by the bond-length distortion of the
octahedra, A, calculated using the equation: A =
2[(r, —r)/r)/n - 10° (Table 3). As was pointed out
previously, the calculated A, values for PrCoO,
and PrCo,,Cr,,,0, are higher and are empha-
sizing an increased distortion of the octahedra.
The maximal Ais found in PrCo,,Cr,,,0, and
throughout the complex perovskites in the series,

535
L

5.33

Fig. 4. The change of the relation
between the unit cell parameters

X
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a and ¢ in PrCo,_Cr O, with
increasing of x (x =0, 0.33, 0.5,
0.67 and 1)
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the A, is decreasing. Analyzing the values of the
particular B-O distances, two facts may be no-
ticed. Firstly, the distances between the B cation
and the O1 anions are increasing from PrCoO, to
PrCrO,. This trend is the same for B-O2 distances,
although not so regular. More careful examina-
tion of the values of these distances shows that at
the beginning of the series the first from the two
B-02 distances is longer, while at the end of the
series (at PrCrO;) the second one is shorter than
the first one. Bearing in mind that the B-O2 dis-
tances are along @ and ¢ axes the interchange of
these distances is in accordance with the change
of the a/c relationship.

Contrary to the direction of the changes in bond-
length distortion of the BO, polyhedra, the distor-
tion of the coordination polyhedra of the A cation
is increasing with increasing of the amount of chro-
mium ion e.g. with increasing of x (Table 3). The
average <Pr-O>, distances for twelve coordinat-
ed Pr are increasing from 2.6953 A in PrCoO; to
2.7531 A at PrCrO,. This change influences the co-
ordination around Pr-cation. Namely, starting from
PrCo, ,Cr, 5,0, two of the Pr-O2 distances are too
long to be encountered as a part of the coordination
of Pr¥, and probably the coordination number of
praseodymium changes to 10. This change in the co-
ordination of praseodymium is expressed in high val-
ues of the distortion parameters A,,. More precisely,
these values are significantly higher than the values
for A,, in all compounds except in PrCoO,, suggest-
ing change in coordination sphere from 12 to 10.

The deviation from the ideal cubic perovskite
structure may be also described by the observed so
called tolerance factor, ¢, [35]. This factor represents
the ratio between the average <Pr-O>,, and <B-O>,
distances and is calculated by the equation: £, = <Pr-
0>,\2 <B-O>,. The observed tolerance factor is
related with the degree of the octahedral tilting.
The values close or equal to 1 corresponds to the
structures without tilting of the octahedra [36]. In
order to check the trend of changes of the observed

tolerance factors in relation with tilting within this
perovskite series, the tilt angles 6, ¢ and @ were
calculated (Table 4).

These tilt angles represents the rotation of the
octahedra around [110], [001], and [111]  pseudo-
cubic axes and are calculated using the fractional
atomic coordinates [2]. It may be noticed that in
the structure of PrCoO, the value of 7, (calculated
assuming coordination number 12 for A cation,
Loz and 10 7)) is closer to 1 and this compound
has the smallest tilt angles. The values of ¢, are in-
creasing throughout the series, with increasing of
x, and also the tilting of the octahedra is more pro-
nounced (0, ¢ and @, Table 4). These results are
also in accordance with the values of the tilt angles
calculated on the bases of the experimental B-O1-B
and B-O2-B angles, using the formula ¢* = (180 —
<B-01,2-B>)/2, where <B-O1,2-B> is the average
value of B-O1,2-B angles (Table 4). Obviously, in
complex perovskites, the tilt angles of the octahedra
are increasing with increasing of x, e.g. of the sub-
stitution of Co** with Cr*". These values suggest that
the overlap of the oxygen orbitals with the orbit-
als of the B cation is smaller. Namely, as this angle
deviates more from 180° smaller orbital overlap is
achieved [11].

In order to evaluate the overall distortion of the
perovskite structure in the series, additional distor-
tion parameters were also calculated: orthorhombic
distortion, spontaneous strain (s), d-cell distortion
(Table 4). These parameters are calculated using
the unit cell parameters and they pointed out to
the change in the type of the distortion. It may be
concluded that these values are diminishing from
PrCoO, to PrCo,.Cr,O,, (the smallest value) and
then they start rising again.

According to the previous discussion it may be
concluded that there are two types of distortions in
the structures of the members of this perovskite se-
ries. In PrCoO, and PrCo, ,Cr,;0,, in which the
content of Co®" prevails the content of Cr**, the oc-
tahedra are more distorted in respect to the bond

Table 4. Change of values of several crystallographic parameters throughout the series. Calculated parameters are:
orthorhombic distortion [35], spontaneous strain (s) [2], d-cell distortion [7], Global Instability index (GII) [2],
observed tolerance factors 7,,, and 7, [2], tilt angles calculated using fractional atomic coordinates [2] and tilt

angle obtained from B-O1,2-B angles

Orthorhombic Spontaneous d-cell GII ; ; Tilt angles
distortion strain (s)  distortion o(12) o(10) 0 » @ o*
PrCoO, 0.0171 —0.0061 0.0626  0.2112 0.9884 0.9558 9.700 7.012 11.950 10.4
PrCo, ,Cr, ;0 0.0112 —-0.0036 0.0279  0.2225 0.9855 0.9477 8879 9.538 13.004 11.04
PrCo, Cr, ;O, 0.0072 —74-10° 0.0018 0.1967 0.9860 0.9490 9.880 9.948 13.985 11.265
PrCo,,,Cr, ,,O 0.0963 0.0014 0.0062 0.1812 0.9846 0.9474 11.630 9.697 15.099 12.14
PrCrO 0.2341 0.0051 0.0497 0.0762 0.9847 0.9453 10.509 9.136 13.891 11.855
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lengths. This leads to bigger instability and stress in
the structure, which are expressed in the high val-
ues of GII (global instability index, Table 4). These
high values (> 0.2 valence units) of GII, point out to
big strain in these structures. This type of distortion
may be connected with possible existence of Co**
ion in intermediate spin (IS) state. Namely, the IS
would increase the deformation of the octahedra as
a result of appearance of Jahn-Teller distortion.

In PrCo, ,,Cr, 5,0, and PrCrO,, in which the con-
tent of Cr*" prevails the content of Co*" the distor-
tion is mainly due to the rotation of the octahedra,
while the bond-lengths distortion of the octahedra
is significantly smaller. The most stable structure is
that of PrCo, Cr, ;O,. It seems that the effects of the
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bond-lengths distortion and tilting of the octahedral
act in opposite directions in this perovskite series,
leading to stabilization of the structure.

In aim to check the influence of these structural
changes due to partial substitution of the cations in
B-position, on their morphology, SEM images of
the perovskites of this series were recorded. Figure 5
shows the SEM micrographs of PrCo,  Cr O;powders
obtained by heat treatment at 800 °C for 4 hours.

The images show single perovskite phases with
appropriate nanosize crystallinity. The porous struc-
ture implies the outflow of gases produced by de-
composition of nitrates and combustion of glycine.
As can be seen, the morphology of the compounds
within the series is very similar.

Fig. 5. SEM images of a) PrCoO,;
b) PrCo,,Cr,;,05; ¢) PrCo,Cr,O;;
d) PrCo,;,Cr,,O; and e) PrCrO,
obtained by same synthetic procedure



S. Dimitrovska-Lazova et al.: Synthesis and structural details of perovskites within the series PrCo, Cr.O; ...

CONCLUSION

The perovskites within the series PrCo, Cr O,
were obtained by solution combustion method
using urea or glycine as a fuel. The purity of the
samples obtained using glycine was better than that
using urea, so the further investigations were car-
ried out on the samples synthesized by glycine. The
Rietveld refinement of the crystal structures showed
that all compounds within this series crystallize in
the orthorhombic space group Pnma with four for-
mula units per unit cell.

In aim to study the influence of Co**/Cr** substi-
tution on the perovskite structure, several crystallo-
chemical parameters were calculated. The detailed
analysis of structural changes due to substitution of
Co** with Cr* revealed some interesting features.
Thus, it was concluded that in perovskites where the
content of Co’" prevails that of Cr** (PrCoO, and
PrCo,,Cr, ;,0,), except the distortion due to octahe-
dral tilting the octahedral distortion in respect to the
bond lengths is also significant. This leads to bigger
instability and stress in the structure, which are ex-
pressed in the high values of GIIL. In PrCo ,,Cr, 5,0,
and PrCrO,, in which the content of Cr*" prevails
the content of Co** the distortion is mainly due to
the octahedral tilting. The most stable structure is
that of PrCo, ,Cr, ,O,.
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CUHTE3 Y CTPYKTYPHU JIETAMJIU HA TIEPOBCKUTH OT CEPUSITA
PrCo, Cr O, (x=0,0.33,0.5,0.67u1)

C. lumutpoBcka-Jlazosa'*, JI. KoBauepa®, C. AnekcoBcka',
M. Mapunuex®, I1. [{BeTkoB>

! Vuueepcumem ,, Ce. Kupun u Memoouu *, @axynimem no Ecmecmeenu nayku u Mamemamuxa,
Apxumeodosa 2, Cronue, MakeooHus
2 Unemumym no obwa u neopeanuuna xumust, bwvieapcka akademust na naykume,
,Akao. I'. Bonues* 01.11, Cogpus, Bvreapus
3 Vuueepcumem na Jhobnsna, @axyimem no Xumust u XUMUYHU MEXHOL02UL,
ASkerceva c. 5, 1000 Jliobnana, Cnosenus

[ocrpnuna va 21 mapr, 2012 r.; npuera Ha 2 maii, 2012 1.
(Pesrome)

[IpencrBeH e cuHTE3, CTPYKTYPHO M3cieiBaHe M MOP(OJIOrHs Ha KOMIUIEKCHH HEPOBCKHUTH C 00ILa
dopmyna PrCo, Cr O, (with x = 0, 0.33, 0.5, 0.67 u 1). [lonyuyeHnTe NEPOBCKUTU Ca CUHTE3UPAHU IO
METo/1a Ha KOMOYCTHS IIPe3 pa3TBOp ¢ U3IOJI3BaHE Ha JIBa BUJAA TOPUBO: ypes U riauuuH. Hakanenure o0-
pasuu ca uaeHTHU(UIUPaHU ¢ IpaxoBa peHTreHoBa qudpakuus. [lonyyeHnTe cbeIMHEHUS C TIAMLUH KaTo
TOPHBO ca C [O-TOJIIMA YUCTOTA U 3a U3CJIeBaHe 0s1Xa M3M0JI3BaHU 00pa3Ly CUHTE3UPAaHU C TOBA TOPHUBO.
Kpucrannara crpykrypa Oeie yrouHeHa 1o Mmetozaa Ha Putsenn, a Mopdosorusara Ha 4aCTULUTE XapaKTe-
pusupana cb¢ SEM. Bcuuku cheuHEHHs OT cepusiTa KpUCTAIU3UPaT B IPOCTPAHCTBEHA Ipyna Pnma
(Z = 4). Edexra ot 3amectBane Ha Co*" ¢ Cr*' e usciensaH ¢ aHaIM3 Ha Pa3IHYHN KPUCTATOXUMHYHH I1a-
paMeTpu (IbJDKMHA HAa BPB3KH U 'BIJIM HA HAKJIAHSIHE HA KOOPAMHALMOHHUTE OKTaeapH, II100aieH HHIEKC
Ha HecTaOMJIHOCT | Ap.). bele yctaHoBeHa MHTepecHa MPOMsIHA B TUCTOP3UATA HA CTPYKTypaTa 1 riodai-
HUAT WHJIEKC Ha CTAOMIHOCT B 3aBUCHMOCT OT CTeleHTa Ha 3aMectBane Ha Co’* ¢ Cr".
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In this paper the synthesis, crystal structure determination and calculation of structural parameters within the
GdCo, Cr O, (x=0,0.33,0.5, 0.67 and 1) are presented. The compounds were synthesized by solution combustion
method starting with the nitrates of the constituent metals and urea as a fuel. The perovskites within the series crystallize
in Pnma with Z=4. The lattice parameters and distances and angles were used to calculate several crystallographic
parameters such as, cell distortion, orthorhombic distortion, bond and angle deformation, the tilting angles, bond
valences, and global instability index. These were used to obtain a clearer picture of the influence of substitution of
Co*" with Cr** in these complex perovskites on the distortion and stability of the perovskite structure.

Key words: complex perovskites, X-ray diffraction, crystal structure, crystallographic parameters.

INTRODUCTION

The role of the perovskites in science and tech-
nology is constantly increasing. This is a result of
numerous possibilities for application of these ma-
terials due to their interesting physical and chemical
properties. For example these compounds exhibit
wide spread of conducting properties from insulators
to conductors, superconductivity, colossal magne-
toresistance, giant magneto resistance, catalytic ac-
tivity toward different catalytic reactions, etc [1-3].
These properties are connected to specific structural
characteristics of perovskites as well as with charac-
teristic properties of constituting elements.

Perovskites are usually designated with the for-
mula ABX,, where A and B are cations and X is the
anion. The positions of the cations may be occupied
by different metals from the periodic table, while as
an anion most frequently oxygen can be found but
there are compounds with halogenides, OH™, CN~,
or H™ anion. The diversity in perovskite structure
is a result of possible multiple substitutions in the

* To whom all correspondence should be sent:
E-mail: sandra@pmf.ukim.mk

positions of the cations, leading to a great number of
so-called complex perovskites.

The ideal perovskite structure is fairly simple.
Namely, in cubic unit cell B-cations are surrounded
by six anions arranged in octahedral geometry shar-
ing the same vertex. This arrangement forms cu-
booctahedral cavity in which the A-cation is placed.
This structure is very flexible. Namely, the BO,
octahedra may be rotated to small angle leading to
structural distortions and lowering of the cubic sym-
metry. As a result, large number of distorted (or-
thorhombic, tetragonal, hexagonal etc.) perovskites
are known.

In the present study the structural investigation
of complex perovskites with cobalt and chromium
(3+) cations in B-position is presented. Our focus
is on structural changes driven by mutual substitu-
tion of these ions in GdCo, Cr O, (x =0, 0.33, 0.5,
0.67 and 1) solid solution. The role of cobalt ion in
perovskites on their properties is thoroughly studied
[4—8] and it is evident that this cation is responsible
for a number of interesting properties found in co-
balt-containing perovskites. Thus, as a result of pos-
sible temperature driven spin state change of Co*
and of its oxidation state, Co-containing perovskites
exhibit interesting electrical and magnetic proper-
ties, as well as, pronounced catalytic activity [3, 9].
The change in oxidation state of Co*" ion (to Co*" or

© 2012 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 47
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Co* state) is accompanied with appearance of va-
cancies or change of oxidation state of other cations
in the compound, while the spin state directly influ-
ences the deformation of the structure as a result of
the fact that from the three possible spin states of the
cobalt ion (low, intermediate and high spin state)
the intermediate and high spin state of Co*" exhibit
Jahn-Teller effect.

On the other hand, rare earth chromites are in-
teresting because of their electrical conductivity, re-
sistance to oxidation and high melting points [10].

The literature data for the end members of the
series GdCo, Cr O, (x = 0, 0.33, 0.5, 0.67 and 1),
GdCoO, and GdCrO,, showed that these compounds
may be synthesized using different methods such
as: solid state reaction [11, 12—16], sol-gel meth-
od [17-19], synthesis using complex precursors
[20—22], hydrothermal method [23, 24], self-prop-
agating high-temperature synthesis [10], decom-
position or combustion synthesis using citric acid
[9, 25] and by decomposition of nitrate salts [7, 26].
In this study, the solution combustion method was
used for the synthesis of investigated compounds.
Namely, in recent years the combustion synthesis is
becoming one of the most popular methods for ob-
taining wide variety of oxide materials. Combustion
synthesis is fast and inexpensive that enables pro-
ducing homogeneous, very fine, crystalline, mul-
ticomponent oxide powders, without intermediate
decomposition steps [27, 28]. It involves highly ex-
othermic reaction between oxidant (usually nitrate
salts of metal ions) and an organic fuel. The aim to
use this fuel is to be a source of C and H, which are
reducing elements in the combustion reaction. The
most often used compounds as fuels are: urea, gly-
cine, sucrose, alanine, citric acid, etc. The pathway
of the reaction and the temperature of the synthesis
are highly dependent on the ratio between fuel and
oxidizer (metal nitrates) [29]. This ratio is usually
set to 1, but it may be smaller (to 0.7) or bigger than
1. In this study nitrates of the consisting metals were
used as oxidizers and the fuel was urea. The ratio
between them was set to 1.

The formation of the perovskite phase was ex-
amined by X-ray diffraction. The crystalographic
characteristics of the end members of the series,
GdCoO, and GdCrO,, are known from the litera-
ture [10, 13, 14, 16, 17, 23, 24]. These compounds
are orthorhombic and they belong to GdFeO,-type
perovskites (space group Pnma). To the best of our
knowledge, the intermediate members of the solid
solution are synthesized for the first time and we
expected that they have the same crystallographic
characteristics as the end members. The refinement
of the crystal structure confirmed that Co** and Cr**
ions are completely interchangeable and may be
substituted in the whole region of x (from 0 to 1).
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EXPERIMENTAL

The starting materials for the synthesis were
nitrates of the consisting metals: Gd(NO,),"6H,0,
Co(NO,),'6H,0 and/or Cr(NO,),;-9H,0. The nitrates
were dissolved in small amount of deionised wa-
ter. The obtained solutions were thoroughly mixed
together. As previously mentioned the fuel (F) to
oxidizer (O) ratio was set to 1 and according to the
stoichiometry, the quantity of the fuel was calcu-
lated separately for each compound. The calculated
amount of urea was dissolved in 1:1 solution of ni-
tric acid and was added to the solution of metal ions.
The final solution was transferred to muffle furnace
and heated up to ~500 °C. After the evaporation of
the water the combustion reaction started and was
followed by large emission of gasses CO,, N, and
H,O. The resulting products were substances, which
showed voids, pores, and were highly friable. All
powders were black except GdCrO, that has pale
green color.

The combustion reaction for one of the systems
may be presented as follows:

2Gd(NO,), + Co(NO,), + Cr(NO,), + 9(NH,),CO +
450, —> 2GdCo, Cr, ,0, + 9CO, + 9N, + 9H,0

The obtained powders were hand grinded and
subjected to additional heating at 800 °C for 4h.

The resulting powders were analyzed by X-ray
diffraction. The XRD patterns were recorded on
Bruker D8 Advance with Cuy, radiation and SolX
detector within the range 10-120° 26 at room tem-
perature with step scanning rate of 0.02°. The crys-
tal structures were refined by the method of Rietveld
(program Fullprof).

RESULTS AND DISCUSION

The XRD analysis of the powders obtained af-
ter the combustion reaction showed that perovskite
phase was formed only in the case of GdCrO,, right
after the combustion of the initial solution. This
as-prepared phase contains small quantity of im-
purity identified as GdCrO,. The impurities were
removed by additional heating of the obtained
GdCrO, perovskite at 800 °C (Fig. 1).

In the case of the other samples the perovskite
phase was not formed directly after the combus-
tion reaction, but by further heating at 800 °C for
4 hours. The perovskite structure of the resulting
powders was confirmed according to the XRD pat-
terns (Fig. 2).

The analysis of the XRD patterns of the synthe-
sized compounds showed continuous shift of the
positions of the diffraction peaks towards lower val-
ues with increasing x (Fig. 2). As expected, this shift
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Fig. 1. XRD patterns of a) as-pre-

pared GdCrO; (the arrow indicates 2.0
the peak suggesting presence of
GdCrO, as impurity) and b) GdCrO,
heated for 2h at 800 °C
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is a result of the continuous substitution of smaller
Co** ion (1(Co*) = 0.545 A) with the larger Cr**
one (#(Cr**) = 0.65 A) , leading to increasing of the
lattice parameters from GdCoO, to GdCrO,. These
results showed that these two ions may be substi-
tuted in the whole range of x (formx =0tox = 1)
and continuous solid solution may be formed.

The crystal structures of the perovskites within
the GdCo, Cr O, (x=0,0.33,0.5,0.67 and 1) series
were refined using the Rietveld method (program
Fullprof) and starting with the structural model of

20

T T T T T T T T T T T
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GdCrO;, [30]. All perovskites within this series crys-
tallize in Pnma space group (Z = 4) (Table 1). The
selected distances and angles are given in Table 2.
The structural data for GdCoO, and GdCrO, are
already reported in the literature, and the crystal-
lographic data for mixed Co*', Cr*" perovskites are
given in this paper. The refined values of the unit
cell parameters for GdCoO;, a = 5.39074(12), b =
7.45514(17) and ¢ = 5.22527(12) are close to the
literature values [14, 16] and the obtained values
for GACrO,, a = 5.52447(12), b = 7.60552(16) and
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d) GdCo,;;Cr,4,0, and e) GdCrO, 0 20 40 60 80 100 120
heated 4h at 800 °C 20/°
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Table 1. Structural data from X-ray powder diffraction studies of GdCo, Cr O, perovskites

Atoms Parameters GdCoO, GdCo,,Cr, 3,0,  GdCo, Cr, O, GdCo, ;;Cr,,O,  GdCrO,
a(A) 5.39074(12) 5.4357(3) 5.4573(3) 5.4832(2) 5.52447(12)
b(A) 7.45514(17) 7.5046(4) 7.5280(4) 7.5572(3) 7.60552(16)
c(A) 5.22527(12) 5.2541(3) 5.2685(3) 5.28499(20) 5.31310(11)
X 0.05792(19) 0.05740(18) 0.05808(16) 0.05827(14) 0.05890(12)
Gd z 0.9870(5) 0.9858(4) 0.9850(3) 0.9860(3) 0.9852(2)
B 0.06(4) 0.07(4) 0.17(3) 0.08(3) 0.25(2)
Co/Cr B 0.08(7) 0.19(6) 0.12(5) 0.19(5) 0.01(4)
X 0.4816(17) 0.4750(16) 0.4734(14) 0.4744(14) 0.4701(12)
(0] z 0.085(2) 0.0861(19) 0.0855(17) 0.0940(15) 0.0942(13)
B 1.53) 1.8(3) 1.7(3) 1.4(3) 1.8(2)
X 0.2958(17) 0.2949(15) 0.2969(14) 0.2960(12) 0.2968(10)
02 y 0.0461(11) 0.0496(10) 0.0483(10) 0.0479(8) 0.0497(7)
z 0.7085(18) 0.7091(17) 0.7056(15) 0.7022(13) 0.7035(10)
B 0.5(3) 0.3(3) 0.5(2) 0.42(19) 0.87(16)
R, 22.9 17.6 16.6 15.4 12.1
R, 13.9 13.2 12.9 12.2 10.6
R, R, 12.57 10.92 11.16 10.87 9.82
v 1.22 1.45 1.35 1.25 1.16
Ry: 5.78 4.43 3.17 3.07 2.45

¢ =5.31310(11), are also in good agreement to the
literature values [13, 23].

In a series of solid solutions like this one it is im-
portant to investigate the structural distortions and
the stability of the compounds resulting from the
substitution of one cation with another. So, below is
given the thorough structural study of the perovskites
within this series. In order to quantify the structural
distortion of the perovskite structure, usually the
first step is to calculate the well known Goldshmidt
tolerance factor, ¢ [31]. It is calculated according to

the equation 7= (1(A) + r(0))N2(r(B) + 1(0), taking
into account the ionic radii of the constitutent met-
als regarding the A-cation as twelve coordinated,
and B-cation and O as six coordinated. The bound-
aries of 7 for perovskite structure are from 0.78—1.05
[32], and it is expected that in compounds with in-
creasing distortion from ideal perovskite structure
the tolerance factor will shift to lower values. The
obtained #-values for the investigated compounds
are at the lower limit for perovskite structure and
are suggesting distorted structures. The values of

Table 2. Selected distances and angles in GdCo, Cr O, perovskites

GdCoO, GdCo, ,Cr, 5,0, GdCo, Cr, O, GdCo, ,,Cr, (,O, GdCrO,
Gd-01 3.149 3.209 3.234 3.252 3.304
Gd-01 2.341 2.33 2.328 2.352 2.344
Gd-01 3.017 3.038 3.041 3.1 3.117
Gd-01 2.274 2.293 2.31 2.267 2.288
Gd-02x2 2.464 2.458 2.484 2.506 2.508
Gd-02x2 2.313 2312 2312 2.322 2.329
Gd-02x2 3.323 3.36 3.384 34 3.434
Gd-02x2 2.614 2.66 2.65 2.648 2.679
<Gd - 0>, 2.490 2.502 2.508 2.519 2.531
Co-01x2 1.919 1.935 1.941 1.959 1.9731
Co-02x2 1.962 1.979 1.983 1.977 2
Co-02x2 1.91 1.928 1.941 1.965 1.971
<Co - 0>, 1.930 1.947 1.955 1.967 1.981
B-01-B 152.56 151.74 151.77 149.43 149.01
B-02-B 151.6 150.7 150.3 150.1 149.6
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¢t for the investigated series are decreasing from
0.911 for GdCoO, to 0.880 for GACrO;, (Table 3).
Both end members of the series GdCoO, and
GdCrO, are orthorhombicaly distorted perovskites
[13, 14, 16, 23]. As expected, the middle members of
the series are also distorted orthorhombic perovskites
and the values of the unit cell parameters are increas-
ing from GdCo,,Cr,,,0, to GdCrO, (Table 1). The
relationship between the unit cell parameters in

these compounds is b > ¢/N2 > a as in O-type per-
ovskites, where the tilting of the octahedra is the
primary source of deformation (Fig. 3). This trend
is maintained throughout the entire series. Using
the values of the unit cell parameters two crystallo-
graphic parameters were calculated — cell distortion
[33] and orthorhombic distortion [6] (Table 3). The
obtained values point out that the distortion of the
unit cell (from ideal cubic) increases with Cr con-

Table 3. Crystallographyc parameters of GdCo, Cr O, perovskites

GdCoO, GdCo, ,Cr, ;0,4 GdCo, ,Cr, O, GdCo, ;,Cr, ,,0, GdCrO,
t 0911 0.901 0.895 0.89 0.88
cell distortion 1.731 2.048 2.199 2.395 2.677
orthorhom. distortion 0.2892 0.2900 0.2901 0.2905 0.2914
A, 7.906 8.634 8.374 9.459 9.779
A, 12.727 14.138 14.244 15.234 16.186
A, 0.138 0.134 0.103 0.014 0.044
0/° 13.722 14.131 14.116 15.283 15.493
o/° 9.931 9.763 10.362 10.62 10.571
d/° 16.882 17.119 17.448 18.538 18.683
BV-A 3.276 3.219 3.16 3.12 3.04
BV-Co 2.721 2.598 2.544 2.46 /
BV-Cr / 3.287 3.218 3.112 2.995
GII 0.199 0.189 0.183 0.161 0.054

Note: For the calculation of cell distortion first the value of a, (pseudocubic a parameter) was found according the equation: ap =
(aN2 + B2 + ¢/2)/3 and then it was used to obtain the cell dlstortlon as: [(aN2 —a T (b2 —a W) T (¢/2 = a,)’)/3a, [33]. The
orthorhombic distortion was calculated using the equation: {[X(a, — a)*]"*}/a, where a,=a,b, c/\/Z and a is an average of a, [6].
The calculation of the polyhedron bond length distortion parameters Ay, A,, and A6 was performed using the equation: A=
2[(r, —r)/r)/n x 10% where r, is individual bond length (A — O or B — O), r is the average bond length and 7 is a number of bonds
[34]. The tilt angles are calculated using the fractional atomic coordinates of oxygen atoms [1] For the calculation of bond valence
the used equations are: s, = exp(r, — r,;)/B and BV = Xs,, where r, is empirical parameter, 7;; is the bond distance and B = 0.37 [35].
The global instability index was calculated using the equatlon Gl = [(Zd?)/N]'"?, where d, is the discrepancy between calculated
BV and theoretical oxidation number [36].
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tent. These results are in accordance with expected
increase in the deformation of the structure obtained
from the values of the tolerance factor.

The refined values of the fractional atomic co-
ordinates (Table 1) were used to calculate different
structural parameters. These parameters were also
used to analyze the contribution of the particular
cation in the compound to the structural distor-
tions within the series. Firstly, the change in the
surrounding of the gadolinium ion was considered.
In the ideal cubic perovskites the coordination of
the A-cation is 12 but in orthorhombic perovskites
the coordination number is usually lowered to 10, 9
or 8. In this series of perovskites the coordination
of Gd*" is becoming more distorted as the content
of Cr*" is increasing. This may be noticed from the
values of the Gd—O distances, which are increasing
with enhancement of the substitution of Co*" ion.
As a consequence, the coordination number of Gd**
changes and it is lowered from 10 in GdCoO, to 9 in
GdCrO,. This effect is also obvious from the values
of the polyhedron bond length distortion A, and A,
Namely, these parameters are reflecting the defor-
mation of the distances in the coordination polyhe-
dron. It may be noticed that the highest values are
obtained for GdCrO,.

Contrary to the trend in deformation of the co-
ordination of gadolinium ion the deformation of the
B-cations (Co*" and/or Cr*") octahedra is decreasing
from GdCoO, to GdCrO, (Table 3). Although the
Co/Cr—O bond lengths (Table 2) are increasing the
polyhedron bond length distortion parameter, A,
is decreasing (Table 3) in the same direction. This
parameter shows that the distortion of the bonds in
the octahedra is decreasing and the octahedron is
becoming more regular. The obtained values for the
first members of the series are relatively high, espe-
cially if we compare them to the values of A, in fer-
rites (GdFeO,, A, = 0.032) [1], but they remain still
smaller than the values found in manganites, where

Mn’" is a Jahn-Teller ion (GdMnO,, A; = 6.701)
[37]. It is interesting to note that as the octahedron
becomes more regular across the series, the tilt an-
gles are increasing. Namely, if the values of the tilt
angles (¢, 0, and @), calculated using the atomic
coordinates of oxygen atoms [1] are compared,
it could be stated that these values are increasing
with increasing of x. From these results it may be
concluded that importation of chromium ion in
place of Co’" makes the octahedron more regular
in respect to its bond lengths but in the same time
it is more tilted.

The increase in the tilting angle of the octahe-
dra is reflected in lowering of the B—O1-B and
B—02-B angles. From Table 2 it is evident that
these angles are substantially different from 180° —
the value characteristic for ideal cubic perovskites.
These low values are suggesting smaller Co/Cr-3d
and oxygen-2p orbital overlap. Namely, as the angle
is increased and approaches 180°, a greater overlap
is achieved. This overlap directly controls the inter-
action integral 3, which is proportional to the width
of the Co/Cr—O bands [38].

The bond length and the valence of the bond
are related in the bond valence model given by
I. D. Brown [35]. The calculated values of the
bond valence of cations are also presented in Table
3. It is obvious that there are positive and nega-
tive deviations from the theoretical values of the
oxidation states of the cations. The values for the
Gd*" and Cr’' ions are larger than the theoretical
ones, which suggests that the average Gd—O and
Cr—O distances in these compounds are shorter
than the average bond distances in other oxides
containing Gd or Cr compounds. It is also obvi-
ous that the values for the bond valence of cobalt
ion are becoming smaller throughout the series
(Table 3) with pronounced differences from the
theoretical value. The values for the bond valence
are used to calculate the global instability index,

Gl
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Fig. 4. Change of the global insta-

11 bility index with increasing x in the
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GII. This index reflects the overall stress in the
structure. The values of GII are usually smaller
than 0.1 in structures without internal stress, the
values between 0.1 and 0.2 are characteristic for
compounds with lattice-induced strains, and high-
er than 0.2 - for unstable structures [36]. From the
calculated values of GII it may be pointed that
GdCrO, (GII = 0.054) meets the requirement for
structure without internal stress (Fig. 4) and GII
for cobalt containing compounds within the series
(of values between 0.1 and 0.2) indicate existence
of lattice-induced strains.

CONCLUSION

The complex perovskites of general formula
GdCo,_Cr,O, (x =0, 0.33, 0.5, 0.67 and 1) were
obtained by solution combustion method using
urea as a fuel. The Rietveld refinement of the crys-
tal structures showed that they crystallize in Pnma
with Z = 4. According to the lattice parameters and
the distances and angles in the compounds, several
important parameters were calculated indicating the
influence of the mutual substitution of Co’" with
Cr' to the distortion and stability of the perovskite
structure. Thus, it was concluded that by increasing
of the content of Cr** ions in the perovskite struc-
ture the BO, octahedron becomes more regular but
the tilting of octahedron is more pronounced. Also
the deformation of Gd-O polyhedron increases with
increasing of the Cr** content. The calculated bond
valences and global instability indices indicate for
existence of lattice-induced strains in the structure
of the cobalt containing compounds.
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CTPYKTYPHO XAPAKTEPU3UPAHE HA GdCo, Cr,O,
(x=0,0.33,0.5,0.67, 1) IEPOBCKUTHU

C. Jumurposcka-Jlazosa'*, JI. KoBauesa?, I1. [[BeTkoB?

! Vuueepcumem ,, Ce. Kupun u Memoouu“, @axynimem no Ecmecmeenu nayxku u Mamemamuxa,
Apxumeodosa 2, Cxonue, Maxedonust
2 Huemumym no obwa u Heopeanuuna xumus, bvaeapcka akademus Ha Haykume,
,Akao. I'. Bonues* o1.11, Cogus, Bvieapus

[Moctrenuna Ha 21 mapr, 2012 r.; npuera Ha 2 maii, 2012 r.
(Pesrome)

B crarusra ca npeacTaBeHn CHHTE3, ONPE/ICIITHE HAa KPUCTAIHATA CTPYKTYPa M KaJIKyJIUPaHU CTPYKTYPHHU Mapamer-
pu 3a cepuata GdCo, Cr O, (x =0, 0.33, 0.5, 0.67 u 1). CbrequHeHUATa ca TIOTy4EHH M0 METO/la Ha KOMOYCTHS Tpe3
pas3TBOp, KaTo ca M3MOJ3BAaHM HUTPATH HAa CHOTBETHUTE METANIH U ypes 3a ropuBo. Cepusara MOIYUYEHH MMEPOBCKUTH
KPUCTAIM3HUPAT B POCTPAHCTBEHA Tpyna Pnma, Z = 4. OnpeniesieHuTe apaMeTpy Ha eleMeHTapHaTa KIeTKa, pa3cTos-
HUS ¥ BIVIM Ca M3IIOJI3aHM 32 MPECMSITaHe Ha HSAKOM KpHCTanorpadCcky mapaMmeTpu, KaTo TUCTOP3Us Ha eleMeHTapHaTa
KJIETKa, OPTOPOMOMYHA TUCTOP3usl, AeopMalis Ha Pa3CTOSHUS M BIVIM, BIJIM HAa HAKJIAHSHE, CyMa Ha BAJICHTHUTE
BPB3KH U TJ100aJIeH MHJEKC Ha HecTaOmiHOCT. Te3u nmapaMeTpy ca W3IOJI3BaHu JIa Ce U3SICHH I10-J100pe BIMSHUETO HA
3amectBaneto Ha Co*" ¢ Cr’' BbpXy cTenenTa Ha aedopmaliys 1 CTabHIHOCT Ha TIEPOBCKUTOBATA CTPYKTYpA.
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Molten Zn-exchanged clinoptilolite — structural behaviour and properties
at high temperature
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A molten exchange of ZnCl, in clinoptilolite is reported for the first time. The molten exchange occurs under solid
state conditions and decreases significantly the time that is necessary for reaching a full exchange. This provides a
potential alternative to the classical ion-exchange in liquids. The mechanism of the incorporation of Zn* cations in
the channels of CPT-framework (their positions, Zn-content and movements along the channels) was evaluated at
different temperatures by in situ high temperature (HT) X-ray diffraction. It is shown that molten exchanged Zn-CPT
possesses a firm framework, which is thermally more resistant than natural CPT, due to the locations of Zn* cations

in the eight-member channel.

Key words: clinoptilolite, zeolite, molten exchange, X-ray diffraction.

INTRODUCTION

The ion-exchange technique has been considered
as an important method for improving technological
properties of various natural zeolites by changing
their cation content. In the ion-exchange process
the cations easily exchange each other and the new
ones integrate and adjust themselves in various po-
sitions into the system of pores and channels. The
cation-exchanged zeolites commonly preserve their
micro-porous structures unaffected. The process of
ion-exchanging in zeolites is typically carried out
by replacing Na* [1-3] with different ions, such as
Ag¥, K7, Cs™ and Sr** or through a pre-exchange
of zeolite to its H-form [4] and further exchange
the H-form with metal ions. Zinc-containing micro-
porous materials (including natural zeolites) have
drawn attention because of their antibacterial [5—7]
and anti-tumor [8] properties. In contrast, formation
of toxic ZnO-nanoclusters has been also reported
[9]. Interestingly, results for ion-exchange of natu-
ral clinoptilolite (CPT) with Zn*" salts, are almost
missing [10—11] probably because of intrinsic dif-
ficulties of incorporation of Zn*" in CPT structure at
ambient temperatures (around 60—100 °C). Because
of this, a classic liquid ion-exchange of Zn?>* in CPT

* To whom all correspondence should be sent:
E-mail: louiza.dimova@gmail.com

commonly requires prolonged time for a sufficient
high-rate Zn-exchange to take place. In this case, an
alternative cation-exchange approach - the molten
exchange was carried out. The molten exchange
requires significantly less time — only a few hours
[12, 13]. The major benefit of this approach is the
improved stability of the initial CPT-structure at
higher temperatures than the exchanged CPT-
structure obtained by a common liquid ion-ex-
change [in preparation].

In this work, Zn-containing clinoptilolite (Zn-
CPT) was produced by using a molten-exchange
process. A NH," exchanged intermediate product
(NH,-CPT) was obtained from clinoptilolite rich tuff
(“Beli plast”, Khardjali) and ZnCl, was used as the
Zn-source. The experimental results for the weight
losses, the thermal stability of the CPT-structure un-
der in situ heating, the unit cell variations and the
diffusion of Zn?" in clinoptilolite’s structure are dis-
cussed below.

EXPERIMENTAL
Molten exchange

In our molten-exchange experiment, CPT was
chosen as a substrate and ZnCl, (1:1 mass) - as the
ion source. The CPT-substrate was subjected to
preliminary removal of concomitant minerals such
as quartz, plagioclase, mica, and then was NH," ex-
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changed in order to ensure the optimal exchange
conditions. The molten-exchange temperature and
the processing times were varied (360—400 °C and
30 to 360 minutes). Optimal temperature and time
were found to be 380 °C and 240 minutes.

X-ray diffraction

The structural properties of the samples were
analyzed with in situ HT X-ray powder diffraction
(equipment: Bruker D2 Phaser, Cu-Ka radiation
and Dron 3M, Co-Ka radiation). The in situ heat-
ing was conducted from room temperature (RT) to
800 °C using an in house temperature device. The
heating scheme was: 100 °C step and 30 minutes re-
tention time. Data collection was carried out at each
HT-step with scan speed 0.02 °/sec. on a range from
5-35° 2-theta.

Rietveld Refinement

Rietveld analysis on the powder X-ray diffrac-
tion patterns was carried out with Topas v.3.0 [14]
suite of programs. A pseudo-Voight profile function
was used. Profile parameters (26 zero correction,
background, cell parameters) were refined first and
then the positional parameters (locations and site oc-
cupancies) of Zn?* cations at various temperatures:
RT, 300 °C and 500 °C. Unit cell parameters for all
samples (RT to 800 °C) were calculated primary by
Pawley-extraction.

DTA/TG-MS

The weight losses were monitored by DTA/TG-
MS on Setaram Setsys DTA/TG equipment coupled
with a Thermo Scientific mass spectrometer for
evolved gas analysis (EGA). The experiment was
carried out by placing approximately 15-20 mg of
the Zn-CPT sample into a corundum crucible and
heating at a rate of 10 °C min™' from ambient tem-
perature to 700 °C under flowing (20 mL min") high
purity argon gas. Baseline curves measured under
the same experimental conditions were acquired to
account for buoyancy effects on the balance. The
mass to charge ratios selected for analysis were 18,
35.5 and 65.4 amu. A one second acquisition time for
each mass unit was set, thus requiring 0.13 min (or
1.3 °C) for each cycle. The chemical composition of
the samples was determined by ISP-OES, apparatus
Varian Vista MPX CCD simultaneous analyses.

Chlorine determination

One of the most widely used methods for the de-
termination of chlorides at relatively low levels and
where the error is in the range of 1-2% is the Mohr’s
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method [15]. It is based on the reactions and the for-
mation of hardly soluble precipitates with the condi-
tion that the reaction of precipitation is fast and that
there is a true indicator that shows the end of the ti-
tration. To determine the concentration of chloride,
samples were prepared as follows: the sample has
been transferred into Erlenmeyer flask and diluted
by distilled water (about 100 ml) and added 2 ml
of 5% K,CrO,. Titration of the sample prepared in
this way was carried out with standard solution of
0.0975 mol I'' AgNO, under constant steering of the
solution. Titration was completed when a reddish
solution appeared. The obtained concentration for
Cl was 11 (£0.09) g 1"\,

The Fourier transform infrared (FTIR) spectra
were recorded on a Bruker Tensor 37 spectrometer
at a resolution of 4 cm™' accumulating 50 scans (in
this case the samples were prepared in the form of
KBr pellets).

RESULTS AND DISCUSSION

The chemical compositions of the starting NH,-
CPT and molten exchanged Zn-CPT are shown in
Table 1. It is obvious that the amount of cations in
the NH,-CPT is very low with respect to the natural
poly-cationic CPT [16]. Interestingly, the Zn*" con-
tent in the molten exchanged CPT is 14.32 wt.% —a
value significantly higher compared with the one in
liquid ion-exchanged CPT-Zn (2.2 wt.%, 30 days at
100 °C [16]). The incorporation of Zn?* in the chan-
nels of CPT structure causes visible changes in the
intensities of some diffraction peaks in the pattern,
which is another ultimate proof for the conducted
cation exchange. A comparison of the powder dif-
fraction patterns of Zn** CPT and non-exchanged
CPT are shown on Figure 1. The changes on the
XRD patterns are basically the same as previously
established [16]: in Zn-CPT the 220 peak disap-

Table 1. Chemical composition (ICP-OES) of initial
CPT and after molten exchange process

. NH,-CPT Zn-CPT
Oxides
wt.%

SiO, 68.19 57.08
AlO, 12.51 10.32
CaO 0.06 0.20
Na,0 0.09 0.09
K,0 0.19 0.19
MgO 0.26 0.10
ZnO - 14.32
LOI (1000 °C) 18.7 17.70
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Fig. 1. XRD patterns of NH, and Zn exchanged CPT

pears, the intensities of 020, 311 and 001 increase
while the intensity of 111 decreases. Our opinion is
that the observed changes of the intensities of some
diffraction peaks in Zn-CPT are due to the locations
of the “heavy” Zn?' cations in certain positions
within the channels, which reasonably changes the
structural factors of certain atomic plains (hkl).

The calculated from the chemical analysis for-
mula of our molten exchanged Zn-CPT is:

Zn5.43Na0.09C30,1 IK(),O()MgO.OSSi29.33A16.25072 x n'HZO' (1)

There are two remarkable features of this chemi-
cal composition:

1. Zn content is 5.43 APU, providing a theoretical
positive charge of 10.86. This value is higher than
the negative charge (from Al) of 6.25. However,
“Cl™ is not included in the above chemical formula
as it was undetectable by ICP-OES.

2. The value of ~18 wt.% for the losses on ignition
(LOI) is higher than the TG losses. Normally losses are
associated with volatile compounds. In our case, such
are: the water molecules located in the CPT channels,
the residual NH,* (the band at ~1400 cm™ observed in
the FTIR spectrum (Fig. 2.), and the CI- coming from
ZnCl, source.

The results from the wet analysis (Mohr’s titra-
tion) yield a presence of ~11% CI. This value is
quite close to one evaluated from the difference of
the LOI-TG (17.7 o1 11000c — 8-5 16 700:c = 9-2). Note

that the humidity was not monitored and, therefore,
the obtained value (for the “loss difference”) is only
an indicative one.

The DTA/TG-MS curves of the Zn-CPT sample
are shown on Fig. 3. These curves show two distinct
regions. Region 1 includes the data carried out from
room temperature to 450 °C and Region 2 — above
450 °C. Each of these regions is characteristic of a
mass loss step (TG), with combined mass losses of
~9%. The TG curve for Zn-CPT is plotted with a
selected range of MS mass-to-charge ratio curves
(in amu) on Fig. 3 for better visualization and char-
acterization of each mass loss step.

Region 1 is linked to the evolution of water and/
or NH," (18 amu) with peaks in the DTA curve ob-
served at 68, 160, 213 and 314 °C. The maximum of
the peak in the MS 18 amu curve is around 140 °C
and continues up to ~ 400 °C. The observed DTA
maxima may be accounted for different types of
water-cations bonds and variations in water-frame-
work molecular interactions.

Thermal decomposition of the analyzed Zn-CPT
is not observed throughout the experiment.

Region 2 starts from ~500 °C and continues to
700 °C. The mass loss for Region 2 appears to be
insignificant (~1%).

Remarkably, no Zn*? or Cl" could be detected
up to 700 °C by TG-MS (the curves of the water/
ammonium, Zn*? and Cl- mass-fragments have been
shown for comparison) and no clear and pronounced
decomposition (destruction) effect is observed on
the DTA curve.

The diffraction patterns from in situ-HT XRD
analysis are in good agreement with the DTA/TG-

3
o
=
(2]
c
5]
£ —=—Zn-CPT
—e— Initia-CPT
NH,
T 1 T T 1 T 1
4000 3500 3000 2500 2000 1500 1000 500
wavelenght cm™

Fig. 2. FTIR for initial and Zn-CPT samples; the 1414
cm ' mode is associated with NH, stretching
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Fig. 3. (a) DTA/TG for Zn-CPT (b) TG-MS for Zn-CPT

MS results showing no collapse of the CPT structure
up to 700 °C (Fig. 4). The diffraction patterns taken
from heated Zn-CPT (from RT to 700 °C) clearly in-
dicate that the overall structure remains unchanged
up to 700 °C. Indeed, HT-diffraction patterns do
not show any significant structural changes in the
framework. As expected, there are some variations
of the unit cell as a function of the temperature and

Intensity a.u.

1.2x107 4 b)

TG

H,O/NH,

4
1
©
@
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6.0x10™ 4 Jo4
4.0x10™

12
2.0x107° o Zn
0.04 - 92

~

T T T T T T T
0 100 200 300 400 500 600 700

mass Zn/CI/H,0/NH
\\\
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2.0x10™
-4.0x10™

920

Temperature (°C)

they are shown on Fig. 5 and Table 2. It was found
that the heating affects mainly b parameter, while
a, ¢ and f remain almost unchanged. The collapse
of the Zn-CPT structure is not accompanied by a
collapse of the B channel (Table 3). Some elonga-
tion of A-channel semi-major axis is observed but
the values of the semi-axis for B-channel are ba-
sically unaffected. The variation of the eccentric-

F 800 °C
700 °C

600 °C

_ 500 °C

400 °C
300 °C

v 200 °C
100 °C

RT

10 15

20

25 30 35

26°Co Ka

Fig. 4. Zn-CPT diffraction patterns from in sitzu-HT XRD analysis (RT —800 °C)
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Table 2. Unit cell parameters for all samples (RT to 800 °C) calculated by Pawley-extraction' and by

Rietveld method® along with R value

°C a b c p A% "

RT! 17.664(12) 17.999(13) 7.404(3) 116.109(25) 2111.60(2.4) 11.136

RT? 17.642(15) 17.978(16) 7.401(4) 116.078(38)  2108.49(3.0) 11.201

100! 17.660(21) 17.941(23) 7.398(6) 116.162(41) 2104.12(2.3) 11.723

200! 17.685(10) 17.873(12) 7.405(3) 116.073(31) 2103.22(2.2) 12.821

300 17.681(14) 17.900(17) 7.405(4) 116.049(33)  2105.53(2.6) 12.333

300 17.688(16) 17.863(15) 7.401(4) 116.134(42)  2099.33(3.0) 11.351

400 17.679(10) 17.850(15) 7.399(3) 116.103(33)  2096.92(2.5) 11.301

500 17.659(12) 17.847(13) 7.395(4) 116.074(35)  2093.55(2.5) 12.192

500? 17.658(17) 17.823(21) 7.383(5) 116.08935) 2086.65(3.2) 12.981

600" 17.658(14) 17.815(18) 7.391(4) 116.161(32)  2086.72(3.1) 11.643

700 17.639(17) 17.758(15) 7.391(4) 116.240(41)  2076.92(2.9) 12.176
182 in heated samples up to 200 °C. The location of
181 water molecules by XRD cannot be evaluated cor-
18070 rectly because most of the positions are not fully
1791 ° . occupied and the heating increases their thermal
1783 =s displacement/diffusion inside the CPT channels. As
e == w ., 5 o aresult, the electron density associated with water
e i8y a molecules is very shallow and is not clearly visible
£ 77 ~ on the [F-F ] difference map. On the other hand,
747 as Zn'? cation possesses more electrons than Si*
1 ¢ and Al” (the main building units of the CPT frame-
: . A—*—*  work), we expected its main locations in the CPT
o channels to be accessed by Rietvled analysis. The
"o 200 400 500 total amount of Zn located in the CPT channels is in

Temperature c

Fig. 5. Variations of the unit cell parameters of Zn-CPT
in function of the temperature

ity is different for both channels: for A-channel it
increases towards a value of 1 — thus, the shape is
more compressed (elongated) along the semi-minor
axis, while for B-channel the decrease leads to more
spherical shape of the channel. Similarly to ref. [17],
we could not associate a collapse phase or trend unit
cell/channel shape to the collapse of the structure.
However, as both in situ-HT XRD and DTA data
have been collected for a relatively short period of
time (4 hours of total heating time), the effect may
have not been well expressed. One reason could be
that the structure was not allowed to “relax” due to
insufficient time.

Rietveld method was applied mainly for evaluat-
ing unit cell parameters and locating the atoms in
the CPT channels. The performed Rietveld refine-
ment of the XRD patterns locates water molecules

agreement with the ICP-OES data (5.43 from ICP vs
5.64 at RT, 5.44 at 300 °C and 5.47 at 500 °C). The
positions of Zn*? cations, in both A- and B-channels
as they were assigned from Rietveld refinement are
shown on Fig. 6 and Table 4.

At ambient conditions (RT) four different Zn"
positions are found: three in A-channel (“Znl”,
“Zn2” and “Zn3”) and one in B-channel (“Zn4”).
The “Zn4” position in B-channel sits close to the well
established Ca** (M2) position in natural clinoptilo-
lite [18]. Two of the positions in A-channel, “Zn1”
and “Zn2”, are located close to its center. The “Zn1”

Table 3. Variation of major (h index) and minor
(v index) semi-axes for A- and B-channels

size [A]
Temperature [°C]
Al, A2, B2, BI,
20 (RT) 9.08 6.02 6.07 6.44
300 9.45 5.99 6.34 6.43
500 9.49 5.95 6.31 6.45
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& - RT @300°C © 500C

Fig. 6. The positions of Zn*? cations in both A- and B-channels as they were assigned from Rietveld refinement. The
positions of Zn at RT are shown in green/full circles; in yellow/x at 300 °C; and in red/e at 500 °C (colors are available

in the online version of the manuscript)

Table 4. Positions of Zn sites for Zn-CPT at RT and heated at 300 and 500 °C

Atomic coordinates

Zn positions

RT 300 °C 500 °C

A channel

Znl 0 0 0.5 - -

Zn2 0.092 0 0.464 0.1 0 0.444 -

Zn2! - 0.580 0.468 0.104 -

Zn2? - — 0.070 0.072 0.76

Zn3 0.234 0.5 0.035 0.220 0.5 0.151 0.217 0.5 0.084
B channel

Zn4 0.043 0.5 0.27 - -

Zn4? - 0.095 0.5 0.16 -

Zn4? - - 0.085 0.420 0.09

position is sited exactly in the center of the channel
taking the position of Mg** [17]. The other centered
position, “Zn2”, corresponds to the one designated
by Dimowa for ion-exchanged Zn-CPT [15]. The
third position, “Zn3”, is located very close to the
intersection of A- and B-channels and matches the
known “M3” position in non-exchanged clinoptilo-
lite [18]. The estimated amounts of Zn*? cations in
A- and B-channel are 3.92 vs 1.72 respectively.

It was expected that at higher temperatures the
Zn*? cations will move (diffuse) and change their

60

initial positions due water molecules expelling from
the structure, which causes re-location of the cati-
ons to maintain the initial charge balance. This was
confirmed by the performed Rietvled analyses on
the diffraction patterns at various temperatures.

At 300 °C the Zn" cations are also located in four
positions, but some of them change from the intial
RT positions. Namely, “Zn1” position disappeared,
“Zn2” position slightly shifts along a allowing the
appearance of a new “Zn2'" position. The “Zn3”
position also shifted along a towards the B-channel.
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The disappearance of “Znl” [17] is associated
with the loss of the coordination water surround-
ing the hydrated Zn*? cations at RT. Zn4 position
(B-channel) shifts along ¢, closer to the negatively
charged framework producing Zn4'. A more general
comparison of the positioning of the Zn atoms in the
channels at RT and 300 °C shows that all Zn sites
are located closer to the Si/Al framework. In order
to compensate its surcharge, the Zn** shifts towards
the negatively charged framework preserving the
initial charge balance. At 300 °C, the distribution
of Zn** cations in A and B-channel is 3.52 vs 1.92
APU respectively. The distribution of the Zn sites
indicates a slight positive “shift” of the compensat-
ing charges towards the B-channel.

At 500 °C Zn* is found in three sites in the CPT
framework. The already modified at 300 °C “Zn2"’
position in A-channel moves now closer to the CPT
framework — “Zn2?” position. The “Zn3” position
situated at the intersection of the two channels is
almost unchanged, but slightly migrates towards the
B-channel. Finally, a new “Zn4?” position appears
as a result of the shift and splitting of Zn4 — Zn4'
— Zn4? positions. At 500 °C the distribution of the
Zn atoms in A and B channel is 2.55 vs. 2.92 APU
respectively. Thus, the charge transfer from A to B
channel, already noticed at 300 °C, is even more
pronounced. Similarly to “RT vs. 300 °C” the “300
vs. 500 °C” general comparison of the Zn sites in
the channels shows further displacement of the cati-
ons towards the framework. The distribution and Zn
amounts in the channels, described above is shown
on Fig. 7. The results indicate that there is a diffusion
of Zn*? from A to B-channel. The “Zn3” position is
serving as a bridge between the channels [15]. On

OC Zinc content, atoms per unit cell (APU)
Y 292 ......... . 255 ..............
e
20 1.72 \ e
ChanneIB .................. C hannelA ............

Fig. 7. The distribution of Zn amounts (APU) in the
clinoptilolite channels

the other hand, the loss of Zn*?>-coordination seems
to occur first in the A-channel (associated with the
disappearance of “Znl” site) and thus further pro-
motes the diffusion of Zn™. The occupancy of the
“Zn3” site in A-channel diminishes in favor of the
Zn4/Zn4' and Zn4" located in the B-channel. As
the amount of Zn remains the same at RT, 300 °C
and 500 °C the observed changes and shifts of the
Zn-sites are associated with the increased mobility
(thermal motion) of the cations inside the channels.

The saturation of the Zn4? position (leading to the
presence of 2.92 Zn APU in B channel at 500 °C) is
probably responsible for the stabilization of the CPT
framework. If we consider the systems of channels
acting like interconnected vessels one can assume
that the transfer of Zn to B-channel rigidifies it and
preventing its structural deformation. This enhanced
stability of B-channel also inhibits the deformation
of A-channel (interconnected vessels).

The enhanced thermal motion and diffusion of
both the CPT framework and cations profits the
mutual compensation of the charges and prohibits
the release of the cations. Thus, the overall effect is
a relative stabilization of the CPT structure at high
temperatures.

CONCLUSIONS

Molten exchange of ZnCl, in NH; exchanged
clinoptilolite is reported. The amount of Zn incor-
porated in the CPT structure after four hours molten
exchange is about five times greater than that one
of the liquid ion-exchanged Zn-CPT for 30 days.
The temperature of 380 °C required for the mol-
ten exchange does not affect the structural order-
ing. Instead, it was found out that Zn™? presence in
the channels improves the overall thermal stability
of CPT structure. The stabilization occurs through
a diffusion of Zn*? cations from A to B-channel,
which prevents the deformation of B channel. The
CPT system of channels acts as interconnected ves-
sels and the rigidified B-channel hampers the de-
formation of A-channel. The higher amount of Zn-
cations achieved in the molten- exchange process
and their locations and transport through the chan-
nels in CPT-structure at elevated temperature play
an important role for this stabilization.
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OBMEH HA KJIMHOIITWJIOJIUT OT CTOITNJIKA ZnCl,: CTPYKTYPHU
OCOBEHOCTH M CBOKICTBA TP BUCOKA TEMITEPATYPA

JI. T. Dumoa'*, C. JI. ITerpor?, b. JI. llluBaues'

! Uuemumym no Munepanoeust u kpucmanozpaghus, bvieapra Axademust na Hayxkume,
., Akao. I'eopeu bornues* 6n. 107, Cogus 1113, bvreapus
2 Vnusepcumem ¢ Topoumo, Xumuuecku ¢paxynmem, yi. ,, Cetinm [ocopooc® 80, Toponmo,
ON, M5S 3H6, Kanaoa

[octprmna va 20 mapt, 2012 r.; npuera Ha 5 mait, 2012 1.

(Pesrome)

3a rppBU ITBT € HampaBeH oOMeH Ha cronwika ZnCl, B kmuaOonTHIONNT (Zn-CPT). OOMEHBT ce OChIIECTBSIBA B
TBBP/I0-TEUHO CHCTOSIHNE M HAMAJISIBA 3HAUNTEITHO BPEMETO, KOETO € HE0OOXO0IMMO 32 TIOCTUTAHE ITBJICH INHKOB 0OMEH
B KIIMHONTWIONUTA. METOIBT € MOTCHIIMAHA alITePHATHBA HA KIIACHUECKHS HOHEH OOMEH OT pa3TBOp. MexXaHU3MBbT
Ha BKIIFOYBAHETO HA Zn>" KATHOHY B KAHAIUTE Ha KIIMHONITUIONHTA CTPYKTYpa € U3CIIeIBaH C Pa3JINYHN METO/IH, KaTo
BHCOKO TeMIIepaTypHa PEHTTeHOBA AN PaKIHs, HHPpauepBeHa CIIEKTPOCKOIHS, TU(PEPECHIIATHO TEPMUICH aHAIIN3,
u z1p. ITokazaHo e, ye 0OMEHEHHAT Ha Zn KIMHONTHIOIUT € TEPMUYHO IT0-yCTOWYMBH OT MPUPOAHUS, TTOPAIH HACH-
[[aHE Ha OCeM 4JieHHMs b-KaHai Ha Zn”>" KaTUOHMU.
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Here we present thin films of ZnO with photocatalytic application in purifying water from organic pollutants.
The films were obtained from stable colloidal precursor sol, prepared by two sol-gel methods (4 and B) using zinc
acetate and varying the solvents. These sols are deposited on glass substrates via dip-coating technique. The films are
characterized by different methods (XRD, SEM, FTIR). By XRD was established that the zinc oxide is of hexagonal
crystal structure.

A comparison of the determined morphology, composition and structure for the prepared by two different method
films is studied. The morphology of films obtained with 1-propanol and 1-butanol, as shown is not homogeneous. The
film surface is not uniform and there are many cracks and bubbles. Layers in such films is very easy to peel off after
their ignition. Therefore, a third synthesis of the sol-gel method 4 is performed, with any changes in the formulation,
only alcohol is substituted by 2-propanol. There is ganglia typical surface structure of the so obtained film, which
is established by SEM. They are evenly distributed over the entire film surface. The film surface in the sol-gel B
was investigated by SEM. The film surface has characteristic ganglia-like patterns.The resulting samples are more
uniform, show much better adhesion of the layers and higher density, compared to films from the sol-gel method 4.

The difference in the films morphology has influence their photocatalytic performance.

Key words: zinc oxide, thin films, crystallites, glass substrate, dip coating, sol-gel method.

INTRODUCTION

The zinc oxide (ZnO) is an important [I-VI
group semiconductor material, with a hexagonal
wurtzite crystal structure (c = 5.21 A and a =3.25 A)
[1], wide and direct band gap of 3.37 eV (at 300
K), large free-exciton binding energy (60 meV)
[2], strong cohesive energy of 1.89 eV [3], high
mechanical and thermal stabilities [4], and radiation
hardness [5—7]. ZnO possesses a wurtzite structure
similar to GaN [8, 9], which is widely used in high-
performance optoelectronic devices.

Undoped and doped zinc oxide thin films have
many interesting properties, such as, transparency
in the visible and high infrared reflectivity [10],
excellent piezoelectrical properties [11], hexagonal
wurtzite structure n-type conductivity [12], etc. All
these properties make them widely applied in many
fields, such as, transparent conductors [13], solar
cells [14], electrical, piezoelectric or luminescent

* To whom all correspondence should be sent:
E-mail: nina_k@abv.bg

devices and also as gas sensors, chemical sensors,
surface acoustic wave devices (SAW) [15], UV
laser and catalysts. Semiconductor catalysts have
been studied extensively [16—18] to promote the
degradation of potential organic pollutants present
in waste water [19, 20].

ZnO films can be prepared by various methods,
including vapor deposition [21], pulsed laser
deposition [22], molecular beam epitaxy [23], metal
organic chemical vapor deposition (MOCVD) [24],
sputtering [25], electron beam evaporation [26],
spray pyrolysis [27] and sol-gel [28,29]. Sol—gel is
an attractive method for films preparation because
of its easy control, low cost and low fabricating
temperature [30]. It is well known that the sensing
mechanism of semiconducting oxide gas sensors is
based on the surface reaction and a high surface—
volume ratio. The grain size and the porosity of the
sensing material are the most important factors for
high sensitivity and short response time sensors.

This paper presents preliminary results on the
crystalline structure, morphology and photocatalytic
properties of nanocrystalline ZnO thin films
prepared by both sol-gel methods. When dip-
coating sol-gel technique is used, the withdrawal

© 2012 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 63
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speed is the most important processing parameter
affecting the porosity of the films. It was found that
higher withdrawal rates resulted in films of lower
quality. The surface of films obtained with 1-butanol
and 1-propanol were observed bubbles, cracks and
haven’t good photocatalytic properties. While films
with 2-propanol manifest homogeneous ganglia-like
surface structure. Nanostructured zinc oxide films
with 2-methoxyethanol have improved ganglia-like
structure, but much more developed. They degrade
most completely the dye (97% for 3 hours) and have
the highest photocatalytic activity.

EXPERIMENTAL SECTION

Preparation of ZnO films

Materials: Zinc acetate dihydrate Zn(CH,COO),.
2H,0 (>99.5%), n-propanol (>99.0%), 2-propanol
(>99.0%), n-butanol (>99.0%), glycerol (>99,0%),
ethylene glycol (>99,0%), triethylamine (>99.5%),
2-methoxyethanol (>99.5%) and monoethanolamine
(>99%) were supplied from Fluka. Malachite green

Zn(CH,CO00),.2H,0 + C,H,(OH)

Stirring and heating
at 100°C for 15 min.

Adding of glycerol,
alcohol and triethylamine
Stirring and heating
at 60°C for 30 min.

Clear solution

P £ Glass substrates,

withdrawn at 0,9 cm/min

Drying at 100°C for 15 min.

Annealing at 500°C for 1 hour
Zn0 thin films

(a)

(MG) oxalate was from Croma-G mbH & Co. The
glass slides (ca. 76x26 mm), used for substrates of
the ZnO films, were from ISO-LAB (Germany).
All other reagents were of analytical grade. The
soda-lime microscope glasses were cleaned with
a chromerge solution (H,SO,/Cr,0,), then with a
mixture of hydrochloric and nitric acid and finally
with ethanol and acetone successively.

Sol-gel method (4): The sol was prepared using
zinc acetate dihydrate (Zn(CH,COO),.2H,0),
ethylene glycol (C,H/O,), alcohols (l-propanol,
2-propanol, 1-butanol), glycerol (C;HO,) and
triethylamine (C,H (N) (Fig. la). Ethylene glycol
(2.5 ml) and zinc acetate dihydrate (10 g) were mixed
inaround-bottomed flask and heated at 100 °C for 15
min to obtain a uniform transparent mixture. During
the heating, water vapor evolved from the mixture
equivalent to the water of hydration of zinc acetate
dihydrate. After cooling down to room temperature
the content of the flask solidifies to a transparent
brittle solid, which is then dissolved in alcohol. The
addition of glycerol (0.5 ml) enhances the solubility
of zinc acetate as well as the film formation property
of the sol. Triethylamine (1 mol eq.) is also added

Zn(CH,C00),.2H,0 + C;Hg0,

Stirring and heating
at 100°C for 15 min.

at 60°C for 30 min.
Glass substrates,

withdrawn at 0,9 cm/min

Drying at 100°C for 15 min.
Annealing at 500°C for 1 hour

Zn0 thin films

(b)

Fig. 1. Scheme of experimental procedures: (a) sol 4 and (b) sol B
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to assist the hydrolysis of zinc acetate. The resultant
solution is stirred at 60 °C for 1h to yield a clear and
homogeneous solution, which serves as precursor
coating sol.

Sol-gel method (B): The scheme of sol B is
shown in Fig. 1b. Zinc acetate dihydrate (10 g)
and 2-methoxyethanol (20 ml) are mixed together
in a round-bottomed flask and heated at 100 °C for
15 min to obtain a uniform transparent mixture.
Monoethanolamine (3.2 ml) is also added to assist
the hydrolysis of zinc acetate. The obtained clear
solution was heated up at 60 °C upon magnetic
stirring for 1h and let aging overnight. The resultant
solution was clear and homogenous to serve as the
coating substance for film preparation.

The sol A and sol B was strongly hydrolyze and
formed a thick gel after the addition of water. No
visible changes were observed in the solution stored
at room temperature for at least 2 months.

The deposition of ZnO films consisted of dip
coating, drying and annealing of the material. The
gel films were prepared by dipping glass substrates
in the precursor solutions and next withdrawing
at rates of 0.9 cm/min at room temperature. It
was found that higher withdrawal rates resulted in
films of lower quality. The films were deposited
with 5 coatings and dried at 80 °C for 15 min after
each successive coating. The final gel films were
annealed at 500 °C for 60 min in order to obtain
photocatalytic ZnO films.

Characterization of ZnO films

The obtained ZnO thin films were analyzed by
scanning electron microscope (SEM) JSM-5510
(JEOL), operated at 10 kV of acceleration voltage.
The investigated samples were coated with gold by
JFC-1200 fine coater (JEOL) before observation.
The phase composition and crystallinity of the
samples is determined by XRD.

X-Ray diffraction (XRD) spectra were recorded
at room temperature on a powder diffractometer
(Siemens D500 with CuKa radiation within 26 range
10-80 deg and step 0.05 deg 20 and counting time
2 s/step). The average crystallite size was estimated
according to Scherrer’s equation:

d,, = kAl Bcos(20) (1

where d,,, is the average crystallite size (nm), A
is the wavelength of CuKa radiation applied (4 =
0.154056 nm), @ is the Bragg’s angle of diffraction,
[ is the full-width at half maximum intensity of the
peak observed at 26 = 25.20 (converted to radians)
and k is a constant usually chosen ~0.9.

Fourier transform infrared (FTIR) spectra were
taken with Bruker Tensor 27 spectrometer, using

KBr tablet technique. Spectra were taken in the
interval 400-4400 cm™.

The photocatalytic action of the ZnO films was
tested in photoinitiated bleaching of malachite green
(MGQG) dye in aqueous solution. The photocatalytic
reaction was conducted in a cylindrical glass reactor
(volume 150 ml), equipped with a magnetic stirrer
(rotating speed controlled by stroboscope) and UV-
lamp (emission maximum at 370 nm; the light power
density at the sample position was 0.66 mW/cm?
as measured with Research Radiometer of Ealing
Electro-optics, Inc.). The decay of MG concentration
during the bleaching process was monitored by UV-
vis absorbance spectroscopy after aliquot sampling
at regular time intervals. Experiments were carried
out with two series of ZnO films, prepared with sol
A and sol B, respectively.

The decolorization and degradation efficiency,
D (%), was calculated as:

S =Cl 100 ()

-

0

where C, is the initial concentration of dye and
C is the dye concentration after UV irradiation in
selected time interval, ¢.

The initial concentration of MG is 10 ppm. All
photocatalytic tests were performed at constant
stirring rate (500 rpm) and room temperature
(23+£2 °C). The optical absorbance spectra were
measured by spectrophotometer Jenway 6400 in the
wavelength range from 400 to 800 nm.

RESULTS AND DISCUSSION

Structure characterization

The morphology of both films from so/ 4 with
1-propanol and 1-butanol determined by scanning
electron microscope is shown in Fig. 2a and b.

The SEM images of both films were made at
the same magnification (x 1000) and the marker is
10 um. As seen from the picture their morphology
is not homogeneous. Even the appearance of
the films does not look good, their surface is not
uniform and there are many cracks and bubbles.
Layers are very easy to peel off after their ignition.
The photocatalytic tests with such films showed
very low photocatalytic activity. Therefore, a third
synthesis was performed — no other changes in
the formulation only alcohol is 2-propanol. The
as-prepared samples are more uniform and show
much better adhesion of the layers and the higher
density of the film. There is ganglia typical surface
structure of the film. The surface morphology of the
films (Fig. 2c) is represented by different ganglia-
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Fig. 2. SEM images of ZnO film prepared by so/ A with (a) 1-propanol, (b) 1-butanol, (¢) 2-propanol, (d) sol B with
2-methoxyethanol. The inset SEM images show the cross-section of the both last films

like hills with typical width of about 1 pm and a
height of 1-2 um. They are evenly distributed over
the entire surface of the film. Cross-sectional SEM
image inset picture allows us to determine the film
thickness, which is about 0.5 um. At the places whit
intensively formed ganglia, the thickness can reach
2-2.5 pm.

Scanning electron microscope was also used to
monitor and study the surface of films obtained by
method B (Fig. 2d). Cross section of the films was
also characterized using SEM. The SEM images
show that the surface is homogeneous and much
more developed. There are different ganglia with a
typical width of about 1 um and a length of 5 um
to 15 pum. The results show that the average film
thickness is about 5-10 pm. Ganglia-like hills along
the entire surface of the film and have a height of
about 2.5-3pum. They are reproducible, regardless of
the conditions under which films are obtained. They
can be seen on the surface of various other movies.
An example can be given to the first synthesis of
films of ZnO. The surface of the samples obtained
using different reagents can be observed ganglia
similar entities. With the difference that in the
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first case they are not as wide and thick, but
smaller and not so expressed. From cross section
of the two films is clearly evident that ganglia-
like formations are composed of very small nano-
sized particles of ZnO.

The XRD spectra of thin ZnO films are
presented in Figure 3. The blades resemble many
spectra of literature on thin films of zinc oxide. The
spectrum of both types nanostructured films consist
of well-defined diffraction peaks showing good
crystallinity. The three characteristic peaks clearly
proof the existence of ZnO, which correspond to
different crystallographic orientations of the crystal
lattice of wurtzite (from left to right) (100) —at (26 =
31.76°); (002) — at (20 = 34.39°) and (101) —at 20 =
36.24°. Almost the same peak height shows that the
nanocrystallites are with different orientations of the
axes. Crystalline structure of both films is hexagonal
wurtzite. The size of crystallites, calculated by
Scherer (Equation 1) is 30 nm. We assume that
annealing for 1h at 500 °C leads to decomposition
of Zn (II) hydroxide and its transformation into ZnO
with hexagonal structure, which can be seen from
diffraction spectra.
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Fig. 3. XRD spectra of nanostructured films annealed for 1 hour at 500 °C (sol A with 2-propanol) (a) and so/ B

(b). The crystallite sizes are about 30 nm in both cases

Figure 3 are compared to the first peaks of
spectrums of ZnO, obtained by both methods. The
paintings are completely identical and correspond
to the zinc oxide. Attempt was made to find, even
small differences in half-width of the major peaks
and their positions. For this purpose, the peaks were
approximated with a Gaussian function. Within
experimental error has been found only difference
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Fig. 4. FTIR spectrum of ZnO films obtained by so/ A
with 2-propanol (a) and so/ B (b)

either in width or in the angular positions of the more
intensive (three) peaks. An interesting phenomenon
is the observed change in the relative intensity of
three diffraction peaks, which increase with the
movies, the first synthesis compared with those
of the second method. The latter can be attributed
to the different precursors, used in methods A and
B (2-propanol and 2-metoxyethanol), favoring
different orientation of the as grown crystallites.
FTIR spectra of gel films are shown in Figure 4.
FTIR spectrum shows several interesting areas in
both cases. The first is in the range 3000-3750 cm™!
with a maximum of 3436 cm! due to the absorption
of O-H groups. The second area of absorption (in
the range 1250-1750 cm™!) corresponds to COO-
(1620 cm ') group. The third absorption region with
a peak between 1000-1300 cm™! due to CO stretch-
ing vibration absorption (1021 cm ™). The maximum
absorption peak in the range 440-450 cm! is attrib-
uted to ZnO. Some other groups absorption can also
be found in the well ignited movies, for example,
can give the group between 2988 and 1381 cm!
CH, which indicates the presence of some organic
products. The lack of such groups in the range 500—
3000 cm! shows that there are only traces of other
organic substances. Both films contain only ZnO.

Characterization
of the photocatalytic activity

The purification of wastewater from dyes in the
textile industry is becoming a serious environmental
problem because of their unacceptable color need
high oxygen content, and their resistance to differ-
ent methods of destruction — chemical, photochemi-
cal and biological. We have chosen photocatalytic
degradation of malachite green (as a representative
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Fig. 5. Photocatalytic degradation of MG solution at 3 hour
by ZnO films under UV-light illumination. The initial con-
centration of MG is 10 ppm

of such dyes) in the presence of a catalyst under
UV-light illumination. This will be assessed the in-
fluence of photocatalysts. The initial dye concentra-
tion in these experiments is constant — 10 ppm.

Four types of experiments were made with four
different types of films, obtained using different al-
cohols (sol A and sol B) for preparation of the pre-
cursor sol: 1-propanol, 2-propanol, 1-butanol and
2-methoxyethanol. The aim is to investigate kinetics
of decolorization of the dye and to determine which
of the four types of samples manifests higher pho-
tocatalytic effeciency and rates of dye photodegra-
dation. Nanostructured films made with 2-methox-
yethanol rapidly degrade dye (96.77%) and have
the best photocatalytic efficiency compared to films
with 2-propanol (67.88%). All the rates of dye deg-
radation are calculated using (Equation 2) and the
results are presented in Figure 5. Very clearly and
distinctly visible trend of rapid degradation of the
dye films with 2-methoxyethanol is seen from the
date in Fig. 5. Thin films with 1-butanol degraded
dye most slowly about 54% for period of three
hours. Films with 2-methoxyethanol are better cata-
lysts than those prepared with 2-propanol, are con-
sistent with the observed surface morphology (SEM
images). They have formation of ganglia-like hills
on the films surface. The difference in morphol-
ogy is that the ganglia formed in films obtained by
the second method are larger in width, height and
length as well as cash. This has a decisive influence
on their photocatalytic properties.
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The results show that the films that have signifi-
cantly developed surface area are better photocata-
lysts. Thin ZnO films are promising and efficient
catalysts for the decomposition of organic pollut-
ants by photocatalytic oxidation.

CONCLUSION

Thin films of nanostructured ZnO are success-
fully prepared by two sol-gel methods from zinc
acetate and different solvents. The sol is deposited
on glass substrates by dip coating method and the
obtained films are dried and annealed to form na-
nostructured zinc oxide. The film structure is char-
acterized be means of XRD, FTIR spectroscopy and
SEM. It is shown that the thin films are porous and
formed of zinc oxide nanoparticles with an aver-
age diameter of 30 nm. The morphology of films
obtained with 1-propanol and 1-butanol, as shown
is not homogeneous. The film surface is not uni-
form and there are many cracks and bubbles. The
prepared with 2-propanol and 2-methoxyethanol
samples have typical ganglia structure, which is es-
tablished by SEM. The resulting samples from so/ B
are more uniform show much better adhesion of the
layers and higher density, compared to films from
the first sol-gel method. All films pertain to the hex-
agonal wurtzite structure without preferred orienta-
tion irrespective to the manner of film preparation.

Further the obtained ZnO films are characterized
by photo-initiated bleaching of malachite green in
aqueous solutions. The photocatalytic activities of
the films obtained by sol 4 are lower than those of
the films obtained by so/ B. The results obtained
show that the films morphology has significant
influence on the photocatalytic properties. The
ZnO thin films prepared by us are promising and
efficient catalyst for photocatalytic degradation of
malachite green.

Acknowledgements: The authors are thankful to
projects DDVU 02-36/10 of the Bulgarian Ministry
of Education and Science.

REFERENCES

1. Y. Kim, W. Tai, S. Shu, Thin Solid Films, 491, 153
(2005).

2. H. Brown, J. Phys. Chem. Solids, 15, 86 (1960).

3. R. Chuang, R. Wu, L. Lai, C. Lee, Appl. Phys. Lett.,
91, 231113 (2007).

4. A. Ohtomo, M. Kawasaki, Y. Sakurai, I. Ohkubo,
R. Shiroki, Y. Yoshida, T. Yasuda, Y. Segawa, H.
Koinuma, Mater. Sci. Eng. B, 56, 263 (1998).

5. D. Look, D. Reynolds, J. Hemsky, R. Jones, J.
Sizelove, Appl. Phys. Lett., 75, 811 (1999).



N. Kaneva et al.: ZnO thin films preparation on glass substrates by two different sol-gel methods

6. C.Coskun,D.Look, G.Farlow,J. Sizelove, Semicond.
Sci. Technol., 19, 752 (2004).

7. A.Burlacu, V. Ursaki, D. Lincot, V. Skuratov, T. Pau-
porte, E. Rusu, I. Tiginyanu, Phys. Status Solidi (Rapid
Res. Lett.), 2, 68 (2008).

8. U.Ozgur, Ya. Alivov, C.Liu, A. Teke, M. Reshchikov,
S. Dogan, V. Avrutin, S. Cho, H. Morkoc, J. Appl.
Phys., 98, 041301 (2005).

9. V.Karpina, V.Lazorenko,C. Lashkarev, V.Dobrowol-
ski, L. Kopylova, V. Baturin, S. Pustovoytov, A. Kar-
penko, S. Eremin, P. Lytvyn, V. Ovsyannikov, E. Ma-
zurenko, Cryst. Res. Technol., 39, 980 (2004).

10. B. Ismail, M. Abaab, B. Rezig, Thin Solid Films, 383,
92 (2001).

11.J. Liu, W. Weng, W. Ding, K. Cheng, P. Du, G. Shen,
G. Han, Surf. Coating Technol., 198, 274 (2005).
12.Y. Natsume, H. Sakata, Thin Solid Films, 372, 30

(2000).

13.S. Chen, J. Zhang, X. Feng, X. Wang, L. Luo, Y. Shi,
Q. Xue, C. Wang, J. Zhu, Z. Zhu, Appl. Surf. Sci.,
241, 384 (2005).

14.]. Aranovich, D. Golmayo, A. Fahrenbruch, R. Bube,
J. Appl. Phys., 51, 4260 (1980).

15.M. Wang, J. Wang, W. Chen, Y. Cui, L. Wang, Mater.
Chem. Phys., 97, 219 (2006).

16. M. Hoffmann, S. Martin, W. Choi, D. Bahnemann,
Chem. Rev., 95, 69 (1995).

17.]. Herrmann, C. Guillard, P. Pichat, Catal. Today, 17,
7 (1993).

18.R. Mathews, Water Res., 20, 569 (1986).

19.N. Kaneva, D. Dimitrov, C. Dushkin, Appl. Surf. Sci.,
257, 8113 (2011).

20.N. Kaneva, C. Dushkin, Col. and Sur. A, 382, 211
(2011).

21.Y. Alivov, J. Nostrand, D. Look, Appl. Phys. Lett.,
83, 2943 (2003).

22.R. Casero, A. Llorente, O. Moll, W. Seiler, R. Defour-
neau, D. Defourneau, E. Millon, J. Perriere, P. Goldner,
B. Viana, J. Appl. Phys., 97, 054905 (2005).
23.D. Oh, T. Suzuki, J. Kim, H. Makino, T. Hanada, M.
Cho, T. Yao, Appl. Phys. Lett., 86, 032909 (2005).
24.W.Xu,Z.Ye, Y. Zeng, L. Zhu, B. Zhao, L. Jiang, J. Lu,
H. He, S. Zhang, Appl. Phys. Lett., 88, 173506 (2006).

25.D. Hwang, S. Kang, J. Lim, E. Yang, J. Oh, J. Yang,
S. Park, Appl. Phys. Lett., 86, 222101 (2005).

26. A. Kuroyanagi, Jpn. J. Appl. Phys., 28, 219 (1989).

27.J. Bian, X. Li, X. Gao, W. Yu, L. Chen, Appl. Phys.
Lett., 84, 541 (2004).

28.J. Lee, K. Ko, B. Park, J. Cryst. Growth, 247, 119
(2003).

29.Y. Kim, W. Tai, S. Shu, Thin Solid Films, 491, 153
(2005).

30.J. Liu, W. Weng, W. Ding, K. Cheng, P. Du, G. Shen,
G. Han, Surf. Coating Technol., 198, 274 (2005).

[TOJIYHABAHE HA ThbHKU ®UNJIMU OT ZnO BBHPXY CTHKIIO
[10 IBA PA3JIMYHU 30JI-TEJI METOJJA

H. B. Kenesa*, 1. 1. lymxkun, A. C. boxxunosa

Jlabopamopus no nayka u mexuono2ust ha nanovacmuyume, Kamedpa no Obwa u Heopeanuyna Xumus,
@akynmem no xumus u papmayus, Coghuticku ynusepcumem, 1 /[picemc Bayuep bya., 1164 Cogus, Bvaeapus

[Moctbnuna Ha 20 ¢eBpyapu, 2012 r.; mpuera Ha 29 mapT, 2012 1.
(Pesrome)

B HacTosmieTo u3cienBaHe mMpeacTaBsiMe (OTOKATAIUTHYHOTO TPUIIOKEHUE Ha THhHKU (uamu ot ZnO 3a
MIPEUMCTBAaHE HA BOJA OT OPTraHUYHU 3aMbpcUTENN. OUIMHTE ca MOITYYSHH OT CTaOWIeH KOJOWUJEH MPEeKypCopeH
30J1, TPUTOTBEH IO J[BA Pa3IUYHU 30JI-Tesl MeToAa (4 U B) OT IMHKOB alleTaT u MpH BapupaHe Ha Pa3TBOPUTEIIHTE.
TTokpuTHsTa cCa OTIOKEHH Ha CTHKIIO 10 METO/Ia Ha MOTAISIHE Ha MO/I0KKaTa. GUIMHTE ca XapaKTepU3UpaHH upe3
pasnuanu Metou Ha ananu3 (XRD, SEM, FTIR). XRD noka3Bar, ue IMHKOBHAT OKCHJI € C XeKCaroHaHa KpHUCTaIHA
CTPYKTYpA.

CpaBHeHu ca MopGoJIoTrHsTa, ChcTaBa U CTPYKTypaTa Ha MOyUYCHHUTE 10 ABata MeToAa Guamu. Mopdosorusra
Ha (HIMHUTE, TONTydeHH ¢ 1-mporanon u 1-OytaHon e HexoMoreHHa. [1o moBBpXHOCTTA ce HaOII01aBaT MHOKECTBO
OayloHYeTa M MyKHATHHU. 3aTOBA € HAIIPaBEeH TPETH CUHTE3 110 METOJT A, KaTO € U3IMOI3BaH 2-Mponanoi. [ aHrimiHaTta
CTPYKTypa Ha MOBBPXHOCTTA HA TaKa MOJy4YeHUTe GuiIMHU ¢ ycraHoBeHa ¢b¢ SEM. ITomo0Ha TaHTIHitHA CTPYKTYpa
e HaOmofaBaHa W npu QUIMHUTE, NONyueHH 1o meron B. was investigated by SEM. [loaydenure obpasuu ca
XOMOTE€HHH, C M0-100pa aaxe3us ¥ M0-BUCOKa TUILTHOCT, B CpaBHEHUE ¢ QUIMHTE, TIOTYYeHH 1Mo MeToa A. Pasnukara
B Mopdosiorusra Ha GUIMUATE OKa3Ba BIUSIHUC BbPXY (DOTOKATATUTHYHATA UM S(DEKTHBHOCT.
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Nanocomposites were succesfully synthesized from multicationic layered double hydroxides (LDHs) and platinum
nanoparticles (PtNPs). The features of the nanocomposite layer structure were characterized by XRD and IR analyses
while the thermal behaviour by DTA-TG. The observed interlayer contraction can be explained by the grafting of
interlayer organic anions onto the hydroxylated layers. The change of the mean size and the size distribution of the
PtNPs after heat treatment of the samples at 500 °C and 1000 °C were observed by TEM. The intercalated in the
support PtNPs were coalesced under heating. Spherical and highly dispersed nanopatricles were observed at room
temperature while rough and granular aggregates were formed at 500 °C and large, dense and well-faceted particles

at 1000 °C.

Key words: Pt-LDH nanocomposite, TEM of Pt nanoparticles, thermal treatment.

INTRODUCTION

A recent review has shown the great potential of
layered double hydroxides (LDHs) as precursors of
metal particles on basic supports with very unique
properties [1, 2], as regards metal-support interac-
tion (“electron transfer’”) and metal-support coop-
eration (“metal-base bifunctional catalysis™). It is
known also that LDHs are good precursors for load-
ing noble metals and non noble metals [3]. LDHs
of general formula [M?"  M?*(OH),][A",.mH,O]
can contain different M?>* and M*" metal cations in
their brucite-like sheets, and various A™ charge-
compensating anions in their interlayer space. LDH
compounds easily decompose into mixed oxides of
the M>*M*(O) type after calcination [4-6]. These
materials have both basic and redox functions as
catalysts.

Three general routes are available for synthesis
of LDHs precursors: first, the synthesis of LDHs
containing M?" and/or M3*elements with redox be-
haviour within the sheets; second, the exchange
with anionic metal precursors of the desired metal

* To whom all correspondence should be sent:
E-mail: dkarashanova@yahoo.com

in the interlayer space of the LDHs; third, the depo-
sition or grafting of inorganic or organometallic
precursors onto the calcined precursor LDH. The
advantage of the second route for synthesis is that
the steric hindrance in the interlayer space prevents
aggregation of the nanoparticles and allows the con-
trol of their growth. However these routes of cata-
lysts preparation suffer from several limitations:
(i) pure LDH phases cannot be obtained with a noble
metal content larger than 5 at.% [7, 8]; (ii) catalyti-
cally active ions of too large ionic radius or without
octahedral coordination cannot be accommodated
in the brucite-like sheets [1, 4] and (iii) the sizes
of the metal particles obtained after calcination and
reduction of the LDH or mixed oxides are not easily
controlled, aggregation often takes place leading to
large particle sizes [9]. Keeping in mind these draw-
backs, there is a demand to design new synthesis
routes for obtaining highly loaded metal catalysts
with control of noble metal particles in size and dis-
tribution starting from LDH precursors.

A recent report has described a novel prepara-
tion method of such materials by intercalation of
preformed negatively charged Ni-based nanopar-
ticles in Mg/Al LDH [10]. It has been shown that
a better control of nanosized Ni’ particles could be
achieved. Three approaches are considered in or-
der to prepare LDH nanocomposites incorporating

70 © 2012 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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large negatively charged entities: the LDH co-pre-
cipitation and the reconstruction of the host LDH in
the presence of the anionic species, and the anion
exchange route of, for example, nitrate-containing
LDH with the anions [10—11]. The first two meth-
ods yield poorly ordered layered structures, while
the third yields well-ordered lamellar structures.
Moreover, the anionic exchange route is the only
one that allows us to tailor Ni particle sizes in the
calcined and reduced materials.

The aim of the present work was therefore the
preparation of highly disperse supported Pt-metal
catalyst by intercalation of platinum nanoparticles
into multicationic LDHs and fine control of the size
and microstructure of Pt NPs at room temperature
and after heat treatment at 500 °C and 1000 °C. For
this purpose original Pt-containing LDH nanocom-
posites were prepared by exchange route of nega-
tively charged Pt colloids with controlled sizes of
the nanoparticles.

EXPERIMENTAL
Preparation of Pt-Colloid

Colloidal suspensions of Pt-based particles
were obtained by hydrolysis of an aqueous solu-
tion of (H,0),PtCl, (8%) and Na,(C,O,H,) (1%)
with NaOH (4%). This modified method of synthe-
sis is created on the basis of works of Turkevich
[12] and Harriman [13]. The molar ratio x = [ci-
trate]/[Pt] was 3.45. Hydrolysis of Pt** ions was
performed at a controlled platinum hydroxylation
ratio 4 = [OH]/[Pt]=7,95 at alkaline pH =10 and
temperature of 80 °C. The general equation of the
reactions of formation of Pt-complex, followed by
hydrolysis can be presented by:

(H,0),PtCI, + xNa,Citrate + ANaOH —
[Pt(Cit) (OH),]*

Preparation of LDH Host Structure, Pt-LDH
nanocomposite and its conformations
after heat treatment

(1) The host NO,-Mg/Ni/Al sample (Mg/Ni/Al
= 2:0.5:1) was prepared by co-precipitation at con-
stant pH=10 of suitable amounts of Mg(NO,),.6H,O
(21.7%),A1(NO;),.9H,0(15.8%)and Ni(NO),.6H,0O
(6.1%) with a solution of NaOH (4%). The addition
of the alkaline solution was controlled by using a
pH-STAT Titrino (Metrohm) apparatus to keep the
pH constant. The suspension was stirred at 80 °C
for 17 h, and then the solid fraction was separated
by centrifugation, washed thoroughly with distilled

water and dried overnight at 80 °C [14]. These sam-
ples will be hereafter labeled NO,-LDH.

(ii)) The Pt-LDH nanocomposite was prepared
from the NO,-LDH by anionic exchange of nitrate
ions: 0.6 g of the host NO;-LDH was dispersed in
the required amounts of a 2% aqueous suspension of
Pt-based nanoparticles ([citrate]/[Pt])=3.45; ((OH]/
[Pt])=7.95). The exchange process was performed
by stirring the mixture in air at temperature of 80 °C
for 6 h. The solid fraction was then recovered and
washed by dispersion and centrifugation in distilled
water and finally dried at 80 °C for 12 h.

(iii) Two conformations of the Pt-layered na-
nocomposite were obtained after heat treatment at
500 °C — mixed oxide Mg/Ni/Al(O) and 1000 °C
— spinel MgNiAlLQ, type phase.

Methods of characterization

Phase identification was performed using pow-
der XRD data obtained by XRD patterns recorded
on a Bruker D8 Advance instrument using the Cu
Ka, radiation (A= 1.542 A, 40 kV, and 50 mA).

The infrared absorption spectra were measured
with a Tensor 37, Bruker FTIR spectrometer in the
MIR 4004000 cm™ spectral range with a 2 cm™!
spectral resolution, after averaging 72 scans on
standard KBr pallets.

DTA-TG analyses were performed on Stanton
Redcroft, STA 780 equipment operating at a heat-
ing rate of 10° min”', dynamic air conditions and
Al O, used as a reference.

The microstructure of the samples was investi-
gated by means of HRTEM JEOL JEM 2100, oper-
ated at 200 kV accelerating voltage. For the phase
composition identification Selected Area Electron
Diffraction (SAED) was applied. Pt-LDH nano-
composite and thermally treated powders were dis-
persed in ethanol. Micro-quantities of the colloids
were dropped on standard Cu TEM grids, coated
with carbon and dried for subsequent observation.

RESULTS AND DISCUSSION
Characterization of Pt-LDH nanocomposite

XRD patterns of the host NO,-LDH and of the
Pt colloid-exchanged LDH are shown in Figure 1.
In all cases the XRD patterns are typical for LDHs
structures. The reflections can be indexed in a hex-
agonal lattice with a R3hm rhombohedral symme-
try. The two sharp and intense characteristic diffrac-
tion lines appearing as symmetric lines at 20 angles
below 25 °C in the NO,-LDH are ascribed to (003)
and (006) planes (Fig. 1a). The basal spacing value
of d,;=0.886 nm is consistent with the presence of
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Fig. 1. XRD patterns of NO,-LDH (a) and Pt-LDH nanocomposite (b)

nitrates as charge compensating anions in the inter-
layer space. Compared to the XRD patterns of the
host LDH, those of the Pt colloid-exchanged LDH
show several changes. The crystallinity greatly de-
creases indicating a lower ordering in the structural
arrangement (Fig. 1b). At the same time the inter-
layer spacing d,, decreases from 0.886 to 0.706
nm, even less than that in the COj~ — Mg/Al LDH
(dy; = 0.760 nm) where the carbonate anion is the
compensating anion in the interlayer space [15].
The reflections of metallic platinum are consider-
ably broad (Fig. 1b), which indicates the formation
of nanoparticles of the metal.

Thermal decomposition of both NO,-LDH and
Pt-LDH nanocomposite has been studied by DTA-
TG analysis (Fig. 2) under dynamic air atmosphere.

As it can be seen, three regions of mass losses from
TG curves are observed, corresponding to different
events in DTA profiles: dehydration, dehydroxyla-
tion and interlayer anion decomposition [15, 16].
The first weight loss, taking place between room
temperature and 200 °C appears as a continuous
step. It corresponds to a broad endothermic peak of
H,O release and accounts for the physisorption and
interlayer water molecules. The second weight loss
takes place between 200 and 300 °C and associates
to an endothermic peak. This corresponds to the
partial dehydroxylation of the brucite-like layers. A
third step in the TG plots occurs between 300 and
600 °C. It gives a broad endothermic event corre-
sponding to the full dehydroxylation of the layer and
the nitrate decomposition in the case of NO,-LDH

TG. % v organic combustion
| (;0 dehvdrati dehydroxylation DTA, UV TG, % dehydroxylation 377 7 i DTA, pV
_Q finterlayer nitrate relg, i 100 dehydration
90 10 L 15
% Pt-LDH
mass loss, % L 10
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Fig. 2. DTA-TG of NO,-LDH (a) and Pt-LDH nanocomposite (b)
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(Fig. 2a), while in the case of Pt- nanocomposite an
exothermic event is observed corresponding to the
citrate species combustion (Fig. 2b). The amount of
released both components interlayer water and vol-
atile is higher in the case of the NO,-LDH thermal
decomposition comparing to that of the Pt-LDH
nanocomposite. This fact confirms the reduced in-
terlayer distance observed in XRD patterns of the
Pt-LDH nanocomposite.

IR spectrum of the Pt-LDH nanocomposite pre-
sented on Figure 3 allows to identify bands associ-
ated with water and those associated with hydroxyl
stretching vibrations. Water bending modes are situ-
ated around 1630 cm™' accompanied by OH stretch-
ing vibrations in the 3000—4000 cm™! region.

The lower wavenumber region of the infrared
spectrum, 1000-400 cm™, is complicated due to
the presence of lattice translational modes, libra-
tional modes of hydroxyl and water molecules, and
O-M-Onear450 cm™' [17]. Meanwhile, there are ab-
sorption bands, v, at 1385 and 1420 cm™, which are
associated with the symmetric vibration of the ani-
onic carboxylate functions (—-CO,") of the interlayer
citrate-complex. In addition, the broad and strong
absorption band around 1630-1580 cm™' centered

i carbonato
i complex

OH

3431.4

at 1632 cm! should actually be associated with a
superposition of water deformation, & (H,0), and
anti-symmetric vibration of the anionic carboxylate
functions (—CO,"). Di Cosimo et al. [18] have re-
ported unidentate carbonate exhibited a symmetric
O-C-O stretching vibration at 1360-1400 cm™ and
an asymmetric O-C-O stretching vibration at 1510—
1560 cm™. These features correspond to the C,, car-
bonate group symmetry. Obviously, these groups
became parts of both the interlayer and brucite-like
layer. The interlayer contraction can be explained
by the grafting of interlayer organic anions onto
the hydroxylated layers through the substitution of
OH groups on the layers. Such grafting process of
organic Gly molecules on the hydroxylated layers
of LDHs with a strong ion—covalent M—O-organic
bonding has been reported [19] after moderate hy-
drothermal treatment.

Characterization of PtNPs shape
transformations and size distribution at room
temperature, 500 and 1000 °C

XRD patterns of Pt nanocomposites after heat
treatment are presented on Fig. 4. The layer structure
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|
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Fig. 3. IR spectrum of the Pt-LDH nanocomposite
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Fig. 4. XRD patterns of Pt- nanocomposites at 500 (a) and 1000 °C (b)

of the nanocomposite (Fig. 1b) transforms into mixed
oxide (Fig. 4a) and spinel-like structure (Fig. 4b) at
500 and 1000 °C, respectively. At the same time, the
reflections of metallic platinum become sharp, which
indicates increasing of both the size and crystallinity
of Pt particles with the heating temperature.

The microstructure of Pt nanocomposites, treated
at the different temperatures is visualized on Fig. 5,
where the bright field micrographs and correspond-
ing SAED patterns as insets are presented. The phase
composition identification confirms the presence of
metal Pt phase in all three cases. A substantial in-
crease of the mean Pt particle size is established as
in [20]. The corresponding size distributions are pre-
sented on Fig. 6. The mean diameter is estimated to
be 4 nm for the PtNPs at room temperature, 6 nm

at 500 °C and about 120 and 200 nm at 1000 °C. It
is seen that not only the size of the PtNPs, but their
shape was also changed under the heating. Initially
spherical, the particles intercalated in the support
coalesced, thus forming rough and granular aggre-
gates, still spherical at 500 °C while large, dense and
well-faceted, particles appeared at 1000 °C. The last
ones exhibit a shape anisotropy consisting of two dif-
ferent dimensions in the two mutually perpendicular
directions. For more of the particles one of these di-
mensions was significantly larger than the other. To
characterize this anisotropy, two independent meas-
urements in the two perpendicular directions for each
Pt NP, annealed at 1000 °C were performed. As a
result two groups of columns on the histogram were
formed — one between 100 and 150 nm, correspond-

Fig. 5. Bright ficld TEM images and corresponding SAED patterns of Pt nanocomposites at room temperature (a),
500 °C (b) and 1000 °C (c)
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Fig. 6. Size distributions of PtNPs in the samples presented on Fig. 5

ing to the less dimension and one between 180 and
240 nm, due to the larger dimension.

CONCLUSIONS

An effective method for synthesis of PtNPs
based nanocomposite as a promising material for
catalytic applications was established. A thermal
treatment for size and microstructure fine control
of the PtNPs was applied. It was observed that in-
tercalated in the precursor PtNPs were coalesced
becoming dense and well-faced under heating.
Thus, the layer structure of the catalytic nanocom-
posite favors in best way the fine distribution and
nanosize control of the Pt particles.
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PA3SMEP U PASITIPEAEJIEHUE HA Pt HAHOYACTHULIY B LDH
HAHOKOMIIO3UTH ITPU PA3JIMYHU TEMIIEPATYPU

N. b. Kapamanosa'*, JI. JI. Kocragunosa?, C. B. Bacunes?, H. JI. [lerposa’

! Uuemumym no onmuvecku mamepuanu u mexmono2uu ,, Akao. ﬁopdaH Manunoscku “,
bwvneapcka akaoemus na naykume, 1113 Coghus, bvreapusa
2 Unemumym no enekmpoxumus u enepeutinu cucmemu, bvieapcka akademus na naykume,
1113 Cogus, bvreapus
3 Unemumym no munepano2usi u kpucmanozpagus, bvieapcrka akademust na naykume,
1113 Cogus, bvreapus

Ilocrprmna Ha 15 despyapu, 2012 r.; npuera Ha 17 anpu, 2012 r.

(Pesrome)

YcnenrHo ca CHHTE3MpaHd HAaHOKOMIIO3UTH OT MYJITHKAaTHOHHH cIoucTH nBoiHN xuapokcuan (LDH) u mratu-
HoBH HaHouyactunu (PtNPs). CinoncraTta cTpykTypa Ha HAHOKOMIIO3HTHTE € OXapaKTepU3UpaHa C PEHTTCHOBA IH-
¢dpaxmusa (XRD) u madpagepsena (IR) cnexTpockonis, a T PMUIHHATE UM CBOMCTBA — ITOCPEICTBOM IH(EpEHITHATICH
TepmudeH u TepMmorpaBuMeTpudeH (DTA-TG) ananm3. YCTaHOBEHO € CBHBAaHE HAa MEKIYCIOHHOTO MPOCTPAHCTBO,
KOETO MOXKe 71a ObJie 0OSICHEHO C BrpakKIaHETO HA OPTaHWYHNTE aHUOHH, PA3IIOJIOKEHH TaM, B XUIPOKCUINPAHUTE
cioese. C moMoImITa Ha TPAHCMICHOHHA eNleKTpoHHa MuKpockomust (TEM) e HaOmoaBaHa IpoMsTHaTa Ha pa3Mepa i
pasnpexnenerneto Ha PtNPs cirexq Tepmuano Tpetrpane Ha oopasuute mpu 500 °C u 1000 °C. B pesynrar Ha Harps-
BaHETO, MHTEPKAIUPAaHUTE B momoxkkara PtNPs koamectmpar. [Ipu craifHa Temrepatypa Te ca CEpUIHN U CHITHO
JUCTIEPTUPAHH IO TOBBPXHOCTTA Ha MOJUIOKKATa, fokaTo pu 500 °C ce rpymupaT B arperatu ¢ HempaBmiiHa (GopMa,

ampu 1000 °C ce TparchopMupat B roJeMH, INTBTHA U J0Ope OCTCHEHN YaCTHUITH.
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The thermal device of the Guinier image foil camera in the Geological
Institute, BAS: calibration and usage experience

T. N. Kerestedjian*, 1. Sergeeva

Geological Institute, Bulgarian Academy of Scieneces, 1113 Sofia
Received March 16, 2012; Revised April 17, 2012

Along with its normal (flat sample) mode, the unique for Bulgaria Guinier image foil camera in the Geological
Institute (Bulgarian Academy of Sciences) can also be used in capillary mode. In this mode a dedicated ceramic heater
can be attached, so that the whole setup is turned into a powerful thermal device. The possible uses of this device are
numerous, most important of which are: determination of the thermal expansion coefficient(s) of the studied sample
in each crystallographic direction; detect anomalous or negative thermal expansion trends; register phase transitions
(reversible or non-reversible), witness purely temperature driven solid state reactions (formation or dissolution of ISS)
etc. The successful use of the device, however, requires some preliminary experience and prompt calibration. For this
type of thermal device calibration is crucial, since the sample in the glass capillary and the detecting thermo-couple
react differently to the received infrared radiation and respectively experience different resultant temperature. Finding
a function, well describing this difference for each given temperature in the technically applicable temperature range
(ambient — 900 °C) is the aim of the calibration. Although the most important, calibration is not the only issue in using
this thermal device. There are a whole lot of possible mistakes that a novice can do. Our experience in calibrating and
first usage of the device is shared in the following paper.

Key words: X-ray diffraction, Guinier camera, capillary tube, thermal device, calibration.

INTRODUCTION

The Guinier image foil camera G-670 ( Huber
Diffraktiontechnik GmbH & Co. KG ), available
in the Geological Institute, Bulgarian Academy of
Sciences, can be used with either swinging flat or
rotating capillary specimen holders (Fig. 1 and 2).

Fig. 2. Rotating capillary setup

In both cases the sample is radiated by mono-
chromatic (pure Ka,) beam, transmitted through the
sample and diffracted beams in the range 3—100° 20
are simultaneously registered on the reusable image
foil, lying at the back wall of the cylindrical camera
o housing. The foil is then read by a laser reader and
Fig. 1. Swinging flat sample setup data recorded to file. Finally, the foil is erased and
ready for the next data collection.

The capillaries used are 0.5 mm thick with
* To whom all correspondence should be sent: 0.01' mm wall thickpess. Commercially availab}e
E-mail: thomas@geology.bas.bg capillary tubes of this size can be made of special
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Fig. 3. Capillary adjustment

glass, boron-rich glass, or quartz glass. The linear
absorption coefficients of CuK, in these mate-
rials vary from 110 (in special glass) to 76 cm™
(in quartz glass). Respective values for MoK, are
approximately 10 times lower. Both boron- and
quartz- glasses have comparable and acceptable
for most purposes absorption coefficients, how-
ever, softening temperature of boron glass is about
820 °C, while for the quartz glass it is 1730 °C.
Keeping in mind, that technically achievable tem-
perature limit of the device is 900 °C, the use of
quartz glass is economically reasonable only for
studies in the higher-most end of the temperature
range. In most other cases far cheaper boron-glass
is the better choice.

Filling of the powdered sample in the capillary
tube is facilitated by the funnel that it usually has on
one end. However, some source of vibration should
be applied on it too, in order to move all powder
particles down to the capillary bottom. A dedicated
vibrating device named “capillary boy” is offered
by Huber Diffraktiontechnik GmbH & Co. KG.

Once filled, the capillary is to be glued in its
holder. This is made using wax, if normal ambient
temperature studies are to be done, and special, heat
resistant, bi-component glue in case of high tem-
perature studies. The holder is then adjusted in a
special goniometric head, so that it is rotated strictly
along its own axis, exposing all the sample particles
simultaneously to the direct X-ray beam (Fig. 3).

High temperature setup is achieved by attaching
a ceramic fork with built-in heating coil. The heater
is adjusted over the capillary tube, containing the
powdered sample (Fig. 4).

Adjustment is a rather tricky point. Following are
some practical advices, from our experience:

* The length of the capillary must be chosen
properly, so that the entire sample is placed fully in-
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Fig. 4. Heater device

side the heater and its top is as close to the thermo-
couple (the ball in the upper-most part of the heater,
Fig. 5) as possible. The latter is achieved also by
proper adjustment of the heater height. If longer,
part of the sample (outside the heater) will remain
less heated and will produce inconclusive results.
If shorter, the sample will either remain far from
the thermocouple and its temperature will differ too
much from that registered by it, or the heater has to
be lowered too much and may be hit by the rotating
capillary holder.

* Positioning the heater over the capillary should
start with rotating the ceramic fork around its own
axis, so that the line connecting its two legs passes
through the axis, holding the heater shoulder (i.e. it
is made strictly radial to the arc, drawn by moving
the heater shoulder). Otherwise, adjustment will al-
most surely end up with broken capillary.

Fig. 5. Ceramic heater fork with the detecting thermo-
couple ball in the uppermost part of the opening
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* Once in right position, the heater should be ro-
tated around its own axis again, so that the opening
between the legs of the fork is oriented towards the
20 range of interest. One should keep in mind, that
the heating device narrows the range of outgoing
reflections to some 30 degrees 20. This is why the
range of interest should be chosen in advance and
targeted by proper rotation of the heater.

* In any case one should make sure, that the cap-
illary is equally distant from both legs of the fork.
This guarantees that the primary beam will not touch
any of them. This rule should be followed also for
the heat-keeping cover (Fig. 6). Otherwise, “alien”
reflections will be detected.

* The overall setup of the device does not allow
the operator to place his eye wherever necessary for
all the adjustments. We found it very useful to place
a handy mirror on the receiving window of the cam-
era (just don’t forget it there ©).

Heating is controlled by a special heat control-
ler, responsible for gaining and keeping the required
sample temperature unchanged for the required pe-
riod of time. This is achieved by periodically turn-
ing the heating coil current on and off. The duration
and periodicity of the heating impulses are dynami-
cally adjusted, depending on the values fed back by
the thermocouple. Although the controller can be
operated manually from its grip, it is normally com-
municated through the main system software. This
software allows the user to plan his experiment, by
creating a temperature profile, based on start, stop
and step temperature values, using also desired du-
rations for each step, with respective dwell time and
diffraction pattern collecting time.

PID values are another important parameter of
the experiment. Since PID is not anything specific

Fig. 6. The heat-keeping cover, preventing too much air
convection and respectively fast cooling of the sample

to this device, but a parameter set, lying in the base
of the general process control theory, it will not be
described here. However, it is worth to mention,
that correct choice of PID values is very important
for the good operation of the heating device. If im-
proper PID values are chosen, the sample tempera-
ture in the beginning can vary too widely around the
chosen value, and many materials can be destroyed
before required diffraction pattern is collected.
Even few seconds of overheating can cause a loss
of some phase transition pattern (a permanent loss
if the transition is irreversible), or even complete
melting or evaporation of the sample. Good sources
of initial information on the topic are [12, 15].

Calibration. Both the sample and the thermo-
couple in this device receive the main part of their
heat by direct infrared radiation from the ceramic
mounted heating coil. Because of the open design
of the device, the importance of the air flow as heat
transferring agent is rather low. Even the role of
the heat keeping cover, which slows down the air
convection around the sample and thermocouple,
is mostly to avoid pretty fast cooling of the sam-
ple, rather than helping to heat the device volume.
Receiving equal amounts of heat, however, the
sample and the thermocouple reach different result-
ing temperatures, because of their rather different
heat capacities (45.3 J/mol.K for the quartz glass,
opposed to 25.9 J/mol.K for the Pt/Rh thermocou-
ple). Soundly, this difference is almost negligible at
lower temperatures, but becomes rather significant
with temperature rise.

Since the device operating software only re-
ceives the thermocouple temperature, finding an
equation, well modeling the sample temperature for
any given thermocouple temperature, is crucial for
obtaining conclusive study results. This is the aim
of the calibration procedure.

All calibration approaches are based on com-
parison of the thermocouple temperature with some
independent evidence for the real sample tempera-
ture. Three kinds of physical phenomena can be
employed as independent temperature evidences:
known thermal expansion coefficients; known
melting temperatures; known phase transition
temperatures. The advantage of the first approach
is that it can give a continuous series of d-values
(and respective temperatures, calculated from
the known expansion coefficient) to plot against
the respective thermocouple temperatures, this
way providing a smooth calibration curve in the
whole temperature range of interest. Its disadvan-
tage, however, is that the whole calibration curve
depends on measurements of just one substance.
If there is something wrong with the substance
(chemical purity or physical conditions) or with
the experiment (zero shift, sample displacement
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etc.) these errors are cast over the whole range of
results as systematic errors.

A big disadvantage of the second approach is that
melting is not an abrupt phenomenon. It always takes
a temperature range with smooth disappearance of
the diffraction lines and hence the accuracy of the
calibration curve, created this way, is pretty poor.

For the reasons expressed above, we choose the
third approach — using phase transitions in our cali-
bration experiments.

In this approach, each point of the calibration
curve is determined by the results of a separate ex-
periment, using proper substance with well known
phase transition effect. Before each experiment,
available reference data have been carefully inves-
tigated, to make sure that there is no discrepancy in
the literature, about the character and the tempera-
ture at which the targeted phase transition occurs.
Another important information to collect before the
experiment was to learn at what Bragg angle the
most visible transition effect should be expected.
This was done in order to adjust the heater and its
cover, so that reflections in the respective 2 theta
range are to be observed.

Since preliminary reference data showed that the
thermocouple systematically shows temperatures
lower than the real sample temperature, and at the
high end of the range (900 °C) this discrepancy can
even reach 250 °C, we used to start stepwise heat-
ing far before the expected phase transition. The
step was chosen larger at the beginning and was
decreased with approaching the expected transition
point. The result was a series of diffraction data,
which could be plotted in some stacking diagram, to
visualize the changes.
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Fig. 8. Typical saddle shape of the stacking diagram for
the trigonal/hexagonal transition in quartz

Duration of the heating step. Structural and re-
spective diffraction pattern changes, which appear
on heating, require some time to take place. Since
the required tempering time is specific for each sub-
stance and each phase transition, no general sugges-
tion for the proper step duration can be drawn out.
This is why we used to adjust step duration experi-
mentally, by consecutive collection of diffraction
patterns at constant temperature, until they remain
unchanged.

The character of the change in the diffraction
pattern depends on the character of the structural
change. Since phase transitions usually refer to
slight distortions of the atomic arrangement and
respective slight displacements of the diffraction
peaks, they are best recognized, when extinction
conditions are changed. In this case, a new peak
appears right from the flat background (Fig. 7). In
most cases, however, the change is expressed by
deformation of some peaks, loss of intensity and
finally growth of new peak at the foothills of an
existing one. Often the new and old peaks coex-
ist over some temperature range, forming a typical
saddle shape on the stacking diagram (Fig. 8), but
we need certain strict temperature value to assign
to the phase transition. We choose to assign it the
temperature of first appearance of the new peak,
since presumably this should be the point of sym-
metry change.

The set of substances, used for the creation of
the calibration curve, was chosen on the grounds
of available reference data, temperature of phase
transition and of course — availability in acces-
sible labs. Our choice is given in the following
Table 1.
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Table 1. List of used substances and respective reference data

Substance Reference Substance Reference
TINO, [3,4,5,6] Quartz [3,13]
KNO, [3,5,6,7, 8] KClI [3, 15]
RbNO, [3,5,6,9,10,11, 12] NaCl [3,15]
Ag,S0O, [3] SrCO, [5, 14]
1000
—t—set ~f-sample —— Poly. (set)
Substance reference set sample 900
Ambient temp 0 0 0 800 -
TINO; Orth€>Trig 79 73 ¥
KNO; Orth€>Trig 128 108 128 L
TINO; Trigé>Cub 143 112 143 00
RbNO; Hex€>Cub( Pm-3m) 164 125 164
RbNO; Cub (Pm-3m)&3Tetr 219 160 219 500
RbNO; Tetré3Cub (Fm-3m) 291 205 291
Ag,S0, Orth&>Hex 427 308 427 400 +
Quartz Trigé>Hex 573 410 573
KCI melting 776 555 776 300
NaCl melting 8 575 804
SrCO; Orth€>Trig 930 630 930 200
100
v = 0.000000000004298x* - 0.000000010288550x" + 0.000008773853799" - 0.003100395397801x° +
0 1.085697451744640x + 0.795184065209469
0 100 200 300 400 500 600 700 800 900 1000

Fig. 9. Constructed calibration curve, with the underlying data base (on the left): list of used substances with known
phase transitions; sample (presumably equal to reference) and set (read from the thermocouple) temperatures for each
phase transition. Polynomial equation of the approximating curve is given below the set curve

The calibration curve was built on the base of
the data, obtained from the above described experi-
ments on the above listed substances. The results
are given in Figure 9.

Discussion. The obtained calibration curve con-
firms the observation of [16], that set temperatures
(those sensed by the thermo-couple) are always
lower than actual sample ones and at the hot end
of the range (900 °C) this difference can reach 250
°C. It is very similar to that in the unpublished study
of M. Nippus (2000) from Huber GMBH, who pro-
poses the following approximation function: T, =
Tompie — A*(1 — exp(B*T,,,."2)), where A and B
are fitting parameters, specific for each individual
heating device. Instead, we found a pretty good fit
of the obtained results with a polynomial of order 5.
The most satisfying result, however, is that the ob-
tained dependence differs from a simple linear func-
tion T, = 0.7*T, . +10 within an accuracy range
of £10 °C, which is acceptable, for many purposes.
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TEPMUYHATA ITPUCTABKA HA IIU®POBATA THHUE KAMEPA
B I'EOJIOTMYECKHWA UHCTUTYT HA bAH: KAJIMGPUPAHE 1 HATPYIIAH OITUT

T. H. Kepecremxusa*, U. Cepreena
Teonocuuecku uncmumym, Bvaeapcka akademus na Haykume, 1113 Sofia
[TocTpnuna Ha 16Mmapr, 2012 r.; npuera Ha 17 ampui, 2012 1.
(Pesrome)

Hapen ¢ HOpmamHHs (C IUIOCHK Tpemapar) peXuM, YHHUKanHaTa 3a bearapus mmudposa ['mHnme kamepa B
I'eonornueckus nactutyT (BAH), Moxe na Obe M3MOI3yBaHa U ¢ TIpenapaT B KanwisipHa TphOndKa. B To3u pesxxnm
€ BB3MOXKHO KbM CHCTEMaTa Jia ce JoOaBH CIeHaleH KepaMIUUeH HarpeBaTesl, MPeBpbhIIall yCTAHOBKATA B MOIICH
MHCTPYMEHT 3a in-situ TepMudHa AudpakroMeTpus. FiMa MHOXKECTBO BB3MOXKHUTE NPUJIOKEHHS Ha Ta3H CHUCTEMA,
Hali-Ba)KHUTE OT KOWTO ca: OIpe/ie/IsiHe Ha KOoe(HILHeHTa(UTe) Ha TEPMUYHO PA3IIMpEeHHe HAa MaTepHaia 1o BCIKO
KpHCTAJIOrpa)CKO HANpaBJICHNE, YCTAHOBSABAHE Ha aHOMAJIHU WM OTPHLATEIHH TPEHIOBE Ha TEPMHYHO pa3LIHpe-
HHUE, perucTpanus Ha Gpa30BU mpexonu (00paTUMH WM HEOOpaTHMH), MPOCeIIBaHe Ha TEPMUYHO MPEIU3BUKAHM,
TBBPIOTEIHHU peakiy (o0pazyBaHe Ha MEXINHHHA TBBPAM PA3TBOPH) M Ap. Y CHenIHaTa ynorpeda Ha cuctemara, oba-
4e, N3UCKBA HAKOM IIPEABAPUTENHH 3HAHHS W BHUMATEJHO KauOpupaHe. 3a TO3W THI TePMHUYHA IIPUCTaBKa KaJH-
OpHpaHeTo € OT pellaBallo 3Ha4eHUe, JOKOJIKOTO NpenaparsT B KalwisipHaTa TPhOMYKa U OTYHTALIATa TeMIepaTy-
paTa TepMOJBOIiKa pearnupar pa3JInuyHO Ha IOCTHIBALIOTO HH(Pa-d4epBEHO OO0IbYBAHE M TOCTUTAT pa3iM4yHa pe3yJl-
TaTHa Temreparypa. Llenra Ha kanmuOpupaHeTo e 1a ce HaMepH MOAXO0IMIa (GyHKIH, oOpe onncBaIia TeMIepaTyp-
HOTO CHCTOSIHUE Ha 00pasella, 3a BCsika H30paHa TeMIlepaTypa Ha TepMOJIBOIKaTa B paMKUTE Ha paOOTHUS HHTEPBAI
(0900 °C). Bprpexn 4e kamuOpUpaHETO € OCHOBHATA, TO HE € €ANHCTBEHATa TPYAHOCT IpH paboTa ¢ TepMUYHATA
npucTaBka. FiMa MHOKECTBO BB3MOKHHU I'PELIKH, KOUTO HEOMUTHHUAT H3CJICIOBATEN MOXKeE 1a JolycHe. B ta3u pabora
ABTOPHTE CIIOJETAT PE3yNTaTUTE OT KAITHOPUPAHETO U I'bPBOHAYAITHUS CH OITUT OT M3II0J3YBAaHETO Ha CHCTEMATa.

82



Bulgarian Chemical Communications, Volume 44, Proceedings of the III'* National Crystallographic Symposium (pp. 83-89) 2012

Two-stage protonation of a small-pore microporous zirconosilicate
Na,ZrS1,0,.H,0

V. V. Kostov-Kytin*, R. P. Nikolova, N. L. Lihareva

Institute of Mineralogy and Crystallography, Bulgarian Academy of Science,
Acad. G. Bonchev Str., Bl. 107 Sofia, Bulgaria

Received February 15, 2012; Revised March 27, 2012

The crystal chemical changes occurring upon protonation of the small-pore zirconosilicate Na,ZrS1,0,.H,0 have
been studied. It has been noticed that variations of the reaction’s medium initial pH influence the degree of sodium
leaching of this material. It is found that this dependence is closely related to the structural positions of the Na atoms.
The crystal structures of partially and completely protonated samples were refined and compared with the one of
the as-synthesized material. In general, the protonation process preserves the framework topology but, however, it
noticeably causes mutual shifting of the adjacent layers, which affects the unit cell parameters. Initially, the unit cell
volume increases from 673.56A° (as-synthesized phase) to 684.9 A* (partially protonated sample) and next shrinks
to 660.8(1) A3 (completely protonated material). The monoclinic arrangement becomes pseudo-orthorhombic with
values of = 89.519(9)° and 89.872(3)° for the partially and fully protonated samples, respectively. The evaluation
of the framework deformation evidences that protonation causes higher degree of framework deformations than the

dehydration process.

Key words: zirconosilicate, protonation, crystal structure, framework deformation.

INTRODUCTION

A new microporous phase was hydrothermally
synthesized in the system Na,O-ZrO,-SiO,-H,O
[1]. Subsequently, the structure of this powdered
material was successfully solved based on the
Rietveld refinement routine carried out with the
GSAS program [2] and EXPGUI [3] and using the
suitably modified atomic coordinates of the topo-
logically identical Na,ScSi,0, as a starting structural
model [4]. It has been found that Na,ZrSi,0,.H,O is
a small-pore compound with framework built up of
ZrO, octahedra and SiO, tetrahedra in a manner that
results in the formation of layers (alpha-ZrP type
[5]) parallel to (001), where silicate groups lie both
above and below the plane of the zirconium atoms.
The adjacent layers are related by rotation and are
connected to each other via oxygen atoms creating
[Si,0,] pyrogroups. The structure is thus a three-di-
mensional framework and possesses system of two
interconnected channels running parallel to (001).
The sodium ions and water molecules reside within

* To whom all correspondence should be sent:
E-mail: vkytin@abv.bg

the channels. Sodium occupies two crystallographic
positions — general and special ones. While the oc-
cupied in half “general” Na resides together with
the water molecules almost in the central parts of
the channels, the “special” Na lies in cavities set up
between the alpha-ZrP type of layers building up the
polyhedral (ZrSi,0, ) framework [4]. Lately, it was
found that upon heating the monoclinic structure of
the title compound converts into orthorhombic one,
however preserving the initial topology. The proc-
ess is accompanied by water release and a slowly
rehydration is possible for this material only up to
300 °C. Above this temperature the orthorhombic
structure is preserved up to 800 °C and next an irre-
versible transition into a phase with denser triclinic
structure occurs thus, precluding the ion-exchange
properties of this compound [6]. Further on, the ion-
exchange properties of Na,ZrSi,0,.H,0 have been
investigated (unpublished data). Upon exchange on
Sr, substantial changes of the peaks intensity ratios
in the powder XRD patterns of the final products
have been detected being more pronounced at lower
initial pH of the reaction media. Chemical analyses
and simulated XRD pattern of “fully exchanged” on
Sr material have been indicative that such drastic
peak ratio differences could not be obtained only on
the account of Sr uptake. Thus, it has become clear
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that the observed changes are due to Na leaching.
Taken alone this fact confirms the microporosity of
the title compound. However, our attention was at-
tracted by the possibility to investigate the mecha-
nism and degree of protonation of Na,ZrSi,0,.H,0
upon various experimental conditions (initial pH) as
well as the structural changes occurring upon these
processes.

EXPERIMENTAL

Sample preparation

The starting compound Na,ZrSi,0,.H,0 was
hydrothermally synthesized following a procedure
described by Kostov-Kytin and Kalvachev [1]. Best
results were achieved from gels with the following
starting composition (moles): 37.5Na,O — 2.5ZrO,
—8Si0, — 675H,0 and 480 hours synthesis duration
at 200 °C.

Protonation procedure

Several samples of the as-synthesized mate-
rial of one gram each were stirred in distilled water
for 7 hours at 60 °C and solid —to- liquid ratio of
1:200. The initial pH was adjusted by adding HNO,.
Subsequently, only two of the samples were chosen
for further investigations designated as HM-1 and
HM-2, 1 and 2 meaning 0.1 and 0.2N acid solution
used in each experiment, respectively.

Analytical Procedures

Initial characterization of the HNO, treated sam-
ples were performed by powder X-ray diffraction
(XRD) analysis using a Bruker D2Phaser diffrac-
tometer with CuKa radiation in the 26 range from
5 to 90° and in a step-scan regime (step 0.015° and
time 6 s). Sodium content in the run products af-
ter the treatment was determined by AAS (Perkin
Elmer 3030) under conditions prescribed by the
manufacturer. TG and DTA studies were performed
on a Stanton Redcroft thermal analyzer (STA 780)
at a heating rate 10 deg/min in static air.

Structure Refinement

The atomic coordinates of Na,ZrSi,0,.H,0 were
used as a starting structural model for Rietveld re-
finement of HM-1 and HM-2 carried out with the
GSAS program [2] and EXPGUI [3]. Initial chemi-
cal compositions for the acid-treated phases were
adjusted in accordance with the number of water
molecules and sodium content obtained from the
TG-DTA data and the chemical analyses, respec-
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tively - a procedure, which will be described in de-
tails in the following section. Both structures were
initially refined with soft constraints imposed on
the Zr-O and Si-O bond distances and in the final
refinement cycles they were released. In the case of
HM-2 this did not cause substantial structural dis-
tortions before convergence achievement. However,
unrealistic bond distances and angles were received
for HM-1, whereas no substantial improvement of
the statistical Rietveld parameters was achieved.
Thus, only the results for the constrained struc-
tural refinement of HM-1 are presented, here. The
bond restraints > contribution for each one of the
10 restraints inserted is 6.71. In addition, a small
20 range from 17.615 to 18.245° has been excluded
from the refinement of HM-1 due to the presence
of a negligible amount of impurity phase. In both
refinements: (i) all atoms in the structures were re-
fined isotropically, (ii) expecting similar U, values
for the O atoms these ones were refined in a group,
(ii1) neutral atomic scattering factors, as stored in
GSAS, were used for all atoms, and (iv) no correc-
tions were made for absorption.

RESULTS

Figure 1 presents the powder XRD patterns of
the as-synthesized Na,ZrSi,0..H,O and the two acid-
treated samples together with the final difference plot
of the XRD Rietveld refinement. Results from DTA-
TG analyses of the investigated materials are shown
in Figure 2. The 1.79% weight loss after 500 °C
(Fig. 2a) is assumed to be due to decomposition of
some nitrogen-containing products. Whereas water
liberates HM-1 within a single stage, two distinct
stages of water release are detected for HM-2, most
probably being due to the interrelation peculiarities
of the sodium cations and H,O molecules. Based on
the chemical analyses and assuming that weight loss-
es in the temperature range of 100—500 °C are being
totally due to water release the following empirical
formulas have been calculated: H,ZrSi,0,.2.6H,0
for HM-1 and H,;Na, .ZrSi,0,.1.4H,0 for HM-2,
respectively. Further on, taking into consideration
the crystallographic position peculiarities of sodium
atoms in the initial phase and assuming that Na from
the general position (Na,) is more susceptible to
the protonation process than the structurally more
“hidden” Na from the special position (Na,) oc-
cupying the cavities attached to the structural lay-
ers we have suggested the following formula for
HM-2: H,;Na, Na ZrSi,0,.1.4H,0. Initially, no
other crystallographic position has been suggested
for the excessive water in this structure. As for the
totally protonated HM-1 we have assumed three
crystallographically distinct positions for the H,0
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molecules: first of them coinciding with that one
of the water in the structure of the as-synthesized
compound, and the other two have been placed in
the positions of Na  and Na,, respectively. Namely
these considerations have been used to prepare the
structural models of both acid-treated phases for the
Rietveld procedure. In the final stages of the struc-
ture refinements structural positions and occupan-
cies of the two sodium atoms in the partially proto-
nated HM-2 and the same for the water molecules
in both phases have been refined. In contrast to the
completely protonated phase an unrealistic excess
of water has been established for HM-2. Then we
inserted additional H,O molecule (Ow,) there and
constrained its coordinates and occupancy with
those ones of Na, taken from the structure of the
as-synthesized compound. The subsequent refine-

ment of atomic coordinates and occupancies of the
extra-framework species completed with a structur-
al model, which crystal chemistry stays very close
to our notion about the occurring changes and the
mechanism of protonation. The resulting compo-
sitions are in perfect agreement with the obtained
chemical analyses. The final crystallographic and
Rietveld parameters for the studied compounds are
listed in Table 1. The crystal structures of the initial
and the protonated samples are presented in Fig. 3.

DISCUSSION

As seen from Figure 3 the investigated material
preserves its framework topology despite the inten-
sity of the applied treatment. As it was pointed out

Table 1. Crystallographic data and results of the Rietveld refinement of Na,ZrSi,0,-H,0

Reference [4]

HM-2 this study

HM-1 this study

Space group C2/c
Cell parameters:
a(A) 5.4715(4)
b(A) 9.4111(6)
c(A) 13.0969(8)
a 90.0000
angles (°) B 92.851(7)
Y 90.0000
V (A% 673.56(7)
Empirical formula Na,ZrSi,0, (H,0)
Fw 1285.46
Z 4
P.(gcm?) 3.17
Wavelength (A) 1.5419
20 range (deg) 5-90
Step-scan increment
(20), deg 0.01
Step-scan time, s 5
No of data points 4089
No of contributing
reflections 514
No of structural
parameters 29
No of profile parameters 7
Profile function Pseudo-Voight
R,, 0.0914
R, 0.0713
R;? 0.0207
e 4.33

Occupancies of extra-
framework species:

C2/c C2/c
5.4552(6) 5.4227(7)
9.6215(13) 9.4160(27)
13.0505(19) 12.9418(21)
90.0000 90.0000
89.519(9) 89.872(3)
90.0000 90.0000
684.9(2) 660.8(3)

H, Na, ZrSi,0, 1.4(H,0) H,ZrSi,0, 2.5(H,0)
1276.98 1198.49
4 4
3.096 3.012
1.5419 1.5419
5-90 5-90
0.015 0.015
6 6
5665 5632
594 583
43 33
5 5
Pseudo-Voight Pseudo-Voight
0.1249 0.0911
0.0962 0.0707
0.1053 0.2132

2.6 1.468
0.29 -

1 _
0.52 0.49
0.21 0.49

- 0.55
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Fig. 3. Crystal structure of initial (a) and protonated sam-
ples HM-2 (b) and HM-1 (c)

earlier [4] such kind of framework is very flexible
with respect to the exhibited geometrical features
of the [Si,0,] pyrogroup. Its configuration can be
described by two angles: T-O-T' (1) angle corre-
sponding to the tilting of the TO, tetrahedra over the
common oxygen atom and O -T -O,' (p) angle indi-
cating the twisting of the triangular faces set by the
terminal oxygen atoms (Fig. 4). Such approach was
applied before to describe the degree of structural
deformations occurring upon thermal treatment of
the studied material [6]. Thus, we can now compare
the values of the tilting and twisting angles for the
as-synthesized compound with those ones obtained
after its heating and/or protonation. As mentioned
in the “Introduction” section water releasing upon
heat treatment of the as-synthesized phase causes
framework relaxation and the initially monoclinic

structure converts into an orthorhombic one without
topological changes. The tilting and twisting angles
for monoclinic and orthorhombic structures do not
differ substantially and have values: T = 156.9°,
p = 7.53° and 1 = 145.07°, p = 0°, respectively.
Similar structural behavior has been observed for
Na,ZrSi1,0,.H,0 upon its acid-treatment. The crystal
structures of the protonated samples exhibit pseu-
do-orthorhombic symmetry with f = 89.51(1) and
89.87(1)° for HM-2 and HM-1, respectively. Cell
volume increase from 673.56A° (as-synthesized
phase) to 684.9 A3 (partially protonated sample) is
observed when the reaction’s media concentration
has been adjusted to 0.2N HNO,. The successful
refinement of the structure of HM-2 confirms our
initial assumption that the “mid channel located”
sodium (Na,) is more susceptible to the protonation
process than the stronger bound to the framework
oxygen atoms “cavity located” (Na ) one. Leaching
would hardly be possible on Na atoms of special po-
sition before this process has been totally completed
for sodium placed in general position. Attempts to
refine the structure with partial decrease of Na, oc-
cupancy or total elimination of this position failed.
When all of the sodium ions are leached (¢ = 0.1N
HNO,;) from the structure the cell volume decreas-
es to 660.8(1) A’. These data suggest a two-stage
protonation mechanism for the studied material
that could be controlled through adjustment of the
reaction’s media pH. The values of t =179.18°,
p=27° and Tt =152.37°, p =22° for HM-2 and HM-1
respectively confirm the enlargement of the frame-
work channels during the first protonation stage and
subsequent relaxation upon further protonation. The
obtained values for the twisting angles of both pro-
tonated samples characterizing the mutual rotation
of the adjacent layers differ substantially from those
ones found in the initial and dehydrated samples

Fig. 4. Angles indicating the degree of pyrogroups defor-
mation. Op, Op' and Tp are projections of O, T, T' and O'
on the plane perpendicular to T-T'
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Table 2. Comparison of the values of the tilting and twisting angles of the as-synthesized compound

and its dehydrated and protonated forms

Material Tilting angle (t) © Twisting angle (p) °
as-synthesized Na,ZrSi,0,.H,0 156.9 7.53
dehydrated Na,ZrSi,0, 145.07 0

partially protonated HM-2 179.18 27
completely protonated HM-1 152.37 22

(Table 2). This suggests that protonation process
causes higher degree of framework deformations
as compared to the dehydration one. Although this
process is accompanied with increase of the water
content in the channels this could not compensate
for the lack of “inner” stabilization caused by leach-
ing of sodium from them.

CONCLUSION

An experimental procedure for controlled pro-
tonation of a new small-pore microporous zirco-
nosilicate is reported. The occurring composi-
tional and structural changes have been studied
and described by means of atomic absorption
spectroscopy, TG-DTA, and Rietveld refinement
routine. Two pH-dependent protonation stages of
the Na,ZrSi,0,.H,0 have clearly been defined.
Crystal structures of the partially and completely
protonated samples have been refined. Evaluation
of the framework deformation in terms of tilting
and twisting angles of the Si,0, groups-has giv-
en evidence that the protonation process causes
stronger deformations as compared to those ones
occurring upon dehydration of the same structure.
Apparently, sodium leaching deprives the chan-
nels from their “inner” stabilization causing sub-
stantial mutual shifting of the neighboring build-
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ing layers, however without changing the initial
topology of this material.
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JIBYCTAJIUIHO IPOTOHUPAHE HA MUKPOIIOPECT
LIMPKOHOCHUJIUKAT Na,ZrSi,0,.H,0

B. B. Kocto-Kutun*, P. I1. Hukonosa, H. JI. JIluxapeBa

Hucmumym no munepanoeust u kpucmanozpaghus, bvieapcka akademus na Haykume,
yia. ,,Akao. I'. bonuesg*, 61. 107, Cogus, Bvreapus

[ocrenuna va 15 despyapu, 2012 r.; mpuera Ha 27 mapT, 2012 1.
(Pesrome)

W3cnensanu ca KPUCTATOXMMUYHUTE IPOMEHH HACTBIIBAIIY B IIPOIIeca HA IPOTOHUPAHE Ha MUKPOIIOPECTHUS LIHp-
xoHocuaukar Na,ZrSi,0,.H,0. IlokasaHo e, 4e crenenTa Ha KUCEJIMHHOCT Ha 'bPBOHAYAIHUSA PA3TBOP BIMAE BbPXY
CTEIICHTA Ha W3JIy)KBaHe Ha HATpus OT mpobara. YTOYHEHM Ca KPHCTAIHHTE CTPYKTYPU Ha YaCTUYHO M HAIIBIHO
NPOTOHMPAHK NPOOHU ¥ MMOJTYYSHUTE JaHHU Ca CPABHEHH C aHAJOTHMYHUTE 3a M3XoxHarta ¢asa. B mpoueca Ha nporo-
HHpaHe KpUCTallHaTa CTPYKTypa 3alia3Ba CBOSTA TOIOJOTHs, HO ce HaOJlfo/laBa B3aMMHO 3aBbPTAaHE HA CHCEIHHTE
ClIoeBe, KOeTo pedieKTUpa ChbOTBETHO B IPOMSHA Ha IIapaMETPHUTE Ha eIeMEHTapHa KiIeTKa. B mbpBus eran o0eMbT
Ha eJleMEHTapHa KIIeTKa ce yBenuuasa oT 673.56A° (cunresupana dasa) 1o 684.9 A’ (wactuuno nporonupana dasa)
a TIpu BTOpHs HamansBa 10 660.8(1) A’ (mambnnHo nporonnpana dasa). JlokasaHo e, 4e B IPOILECa Ha IPOTOHUPAHE,
KpHUCTaJHaTa CTPYKTypa pelakCupa 10 ICeBI0-OPTOPOMONTHA ChC CTOMHOCTH 3a Brbi S = §9.519(9)° u 89.872(3)°
CHOTBETHO 32 YACTUYHO U HAITBJIHO NPOTOHMpaHaTa (a3a. laHHNTE T0Ka3BaT, 4e MPOLeCchT HAa IPOTOHUPAHE BOJH JI0
N0-3HAYHUTEITHN IPOMEHHU B KPUCTAIIHATA CTPYKTYpa OT Ipolieca Ha AeXUApaTals Ha H3CIIeIBaHU MaTepHall.
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The synthesis of Fe,O, and CoFe,O, nanomaterials was performed by co-precipitation of corresponding metal
hydroxides and their further decomposition to oxides under ultrasonic irradiation. The particles were characterized by
X-Ray diffraction (XRD), transmission electron microscopy (TEM) and vibrating sample magnetometry (VSM). The
crystallite sizes were 7.1 nm for the Fe,0, sample and from 1.9 to 21 nm for the CoFe,O, sample depending on the
synthesis conditions. Mdssbauer spectra of Fe,O, and CoFe,O, were measured at room temperature and 77 K. They
revealed that samples show either superparamagnetic behavior or a mixture of superparamagnetism and ferrimagnet-
ism depending on the crystallite sizes and temperature. Cation distribution for 10.4 nm CoFe,O, was obtained from

the Mossbauer spectra as well.

Key words: nanoparticle, spinel ferrites, sonochemical synthesis.

INTRODUCTION

Nano-sized materials made of magnetite (Fe,O,)
and cobalt ferrite (CoFe,0,) are attractive both from
fundamental point of view and for various physical,
chemical and biological applications. The general
formula of spinel ferrites is MO.Fe,O, (where M is
usually a divalent transition metal ion with an ionic
radius, » < 1A). The spinel ferrite structure con-
sists of a cubic close-packed oxygen arrangement,
in which cations occupy tetrahedral and octahedral
interstices. Occupation of tetrahedral sites with di-
valent metal ions yields a normal spinel structure
typical for M*" = Zn*", Cd**, Mn*", while occupation
of octahedral sites with divalent metal ions results
in an inverse spinel structure when M*" = Fe?*, Co*,
Ni**, Cu*". Ferrites comprise a broad and important
class of magnetic materials, with important tech-
nological applications. Recently it was found that
magnetic properties of nanosized spinel ferrites dif-
fer strongly from those of the corresponding bulk
materials. For example magnetic saturation and
coercitivity change drastically when the size of the

* To whom all correspondence should be sent:
E-mail: didka@svr.igic.bas.bg

particles becomes very small. Nanoparticle’s physi-
cal and chemical characteristics are interesting not
only from a fundamental point of view but also from
a practical, since they offer possibilities for vari-
ous new physical, chemical and biological applica-
tions. Special attention was paid to their application
in medicine, where they can be used as magnetic
resonance imaging agents in diagnostic, heat media-
tors in hyperthermia treatments as well as magnetic
guidance for drug delivery [1-6].

Various synthetic methods have been developed
to synthesize oxide nanoparticles, among them co-
precipitation, thermal decomposition, sol-gel, mi-
croemulsion and other techniques [7—14]. It was
established that the degree of crystallinity, particle
size and particle morphology of oxide nanoparti-
cles are strongly dependent on the method used for
their preparation. The simplest synthetic procedure
is based on the co-precipitation method, which in-
volves the co-precipitation of M?" and M*" ions in
basic aqueous media. Recently, the sonochemical
method started to be applied widely in material sci-
ence because it allows obtaining a wide range of
functional materials such as magnetic nanocompos-
ites, catalysts, molecular sieves etc. [15-18]. The
mechanism of sonochemical reactions in aqueous
and non-aqueous solutions is governed by two ma-
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jor effects accompanying the interaction of ultra-
sonic radiation with liquid media. The first one is
the intensification of mass-transfer processes and
the second one is cavitation. The collapse of cavi-
tation bubbles results in an enormous rise of local
temperatures and pressures leading to the decompo-
sition of dissolved volatile compounds and the for-
mation of amorphous and crystalline nanopowders.

In the present work we applied the sonochemi-
cal method for the synthesis of nanosize spinel ox-
ide materials, namely Fe,O, and CoFe,O, samples
with particle sizes in the range from 1.9 to 21 nm
and investigated their size dependent structural and
magnetic characteristics.

EXPERIMENTAL

The synthesis was performed by co-precipitation
of corresponding metal hydroxides and their further
decomposition to oxides under ultrasonic irradiation.
As starting compounds FeCl,.6H,0, Fe(NO,),.9H,0,
Co(NO,),.6H,0 and NaOH in a molar ratio of 1:2
were used. Metal nitrates and NaOH were dissolved
separately in appropriate amount of distilled water.
To obtain materials with different particle sizes for
the CoFe,O, samples the concentration of the ini-
tial solutions was varied. The co-precipitation took
place while metal salt solutions were dropwise add-
ed to the solution of NaOH. The sonication of the
precipitate was performed at 20 KHz, and 750 W
in an ultrasonic processor SONIX, USA. The total
sonication time was 1 hour. The obtained products
were repeatedly washed with distilled water, filtered
and finally dried at 50 °C.

Materials were first characterized by X-ray
diffraction. Powder X-ray diffraction patterns
were collected within the range from 10 to 80° 20
with a constant step of 0.02° 26 on a Bruker D8
Advance diffractometer with Cu Ko radiation and
a LynxEye detector. Phase identification was per-
formed with the Diffracp/us EVA using the ICDD-
PDF2 Database. The powder diffraction patterns
were evaluated with the Topas-4.2 software pack-
age using the fundamental parameters peak shape
description including appropriate corrections for the
instrumental broadening and diffractometer geom-
etry. Unit cell parameters were obtained by whole
powder XRD pattern fitting using as a starting val-
ues the data taken from the files in ICDD-PDF2
(#79-416 for magnetite and #70-8729 for CoFe,0,).
Unit cell parameters, profile parameters as well as
zero shift were varied to obtain a good fit with the
experimental data. The mean crystallite domain siz-
es were determined using the same whole powder
XRD pattern fitting mode of the program. For this
purpose the integral line breadth approach for the

generalized treatment of the domain size broaden-
ing — B=A/L, cos0 was employed, where f; is the
integral breadth of the diffraction line i and L, , is
the volume weighted mean column height.

The specific surface area was determined by low
temperature adsorption of nitrogen according to the
B.E.T. method [19].

The particle size and morphology were deter-
mined using a TEM JEOL 2100 at 200 kV. The
specimens are prepared by grinding the samples in
an agate mortar and dispersing them in acetone by
ultrasonic treatment for 6 min. A droplet of the sus-
pension is dripped on standard carbon films on Cu
grids. Additional crystal structure data are obtained
using the selected area electron diffraction method
(SAED). Particle size distributions were calculated
on 100 to 200 particles in different images in bright
field mode.

Magnetization measurements of the magnetite
and CoFe,0, samples were performed in a Quantum
Design superconducting magnet system (PPMS)
with vibrating sample magnetometer (VSM) option
in fields up to 5 T at room temperature and 5 K.

’’Fe Maossbauer measurements were performed
using a constant acceleration spectrometer. A source
of *’Co(Rh) with an activity of 50 mCi was used.
The Fe,O, and CoFe,O, spectra were taken in the
transmission mode at room temperature and at lig-
uid nitrogen temperature (77 K). The Mossbauer ab-
sorbers with a thickness of 40 mg cm 2 were made by
mixing the studied nanomaterial powder with poly-
vinyl alcohol (glue material) and then pressed into
disk pellets. Each experimental Mdossbauer spec-
trum was decomposed either through the so-called
“thin sample approximation” when the spectrum is
represented as a sum of few simple spectra (sextets
or doublets) or to avoid thickness effect it was fitted
using an integral Lorentzian line shape approxima-
tion [20, 21]. When such decomposition is not pos-
sible one needs to take into account a distribution
of spectra over a range of effective magnetic fields
and/or electric field gradients. The geometric effect
is taken into account as well.

RESULTS AND DISCUSSION

Figure 1 shows the XRD pattern of the nano-
sized magnetite material. The pattern was indexed
within the cubic Fd-3m space group typical for
the spinel structure. The unit cell parameter was
measured to be 8.388(1) A, which is closer to the
value of 8.394 A (ICDD-PDF2 #79-416 of crys-
talline magnetite (Fe,0,)), but differs from the unit
cell parameter of maghemite 8.351 A (ICDD-PDF2
#89-3850 cubic non-stoichiometric spinel y-Fe,0,).
The measured value for the unit cell parameter sug-
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(311)

Intensity [a.u]
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20 [deg.] CuK |

gests a possibly non stiochiometric Fe*/Fe*" ratio
with some excess of Fe**. Analysis of the diffrac-
tion peak broadening resulted in a mean crystallite
size of about 7.1 nm. This value agrees well with
the high specific surface area of 180 m?/g measured
for this sample. Such high specific surface area cor-
responds to a mean particle size of 6.4 nm assuming
not aggregated spherical particles. Powder diffrac-
tion patterns for CoFe,O, samples synthesized from
the same amount of initial compounds dissolved at
different volumes are presented in Fig. 2. The corre-
sponding mean crystallite sizes are shown in Tablel.

70 80

Fig. 1. XRD pattern of Fe,O, with a
particle size of 7.1 nm

Bright field TEM micrographs of Fe,O, and
CoFe,O, samples together with the corresponding
particle size distributions are presented in Fig. 3.
Mean particle sizes obtained from TEM are given in
Table 1. The spherical particles of Fe,O, are distrib-
uted over a region from 3 to 11 nm. Polycrystalline
SAED pattern of this sample shows that it is single
phase and consists only of Fe,O, (magnetite) ICDD-
PDF2 #79-416. The spherical particles of CoFe,0O,
with mean size of 2.7 nm (3.4 nm from XRD) are
seen on Fig. 3b. It is worth to mention that these
small particles produce a crystalline SAED pattern,

Intensity [a.ul]

d)

(311)

Fig. 2. XRD patterns of samples of

. . — A
10 20 30 40 50 60
20 [deg.] CuK
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CoFe,0O, obtained at different soni-
cated volumes: (a) — 300 ml, (b) —
200 ml, (¢) — 100 ml and (d) — 50 ml
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b)

mean size 7.7(2) nm mean size 2.9(2) nm

relative size, %

relative size, %

size, nm size, nm

mean size 11.4(2) nm 1 mean size 20.0(5) nm

relative size,%
relative size, %

20
size, nm size, nm

Fig. 3. TEM images and particle size distribution of (a) — Fe,O, and CoFe,O, obtained at different sonicated volumes:
(b) =200 ml, (¢) — 100 ml and (d) — 50 ml
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Table 1. Dependence of the coercitivity on the crystallite size of the samples

Crystallite size [nm]

Particle diameter [nm]

Coercivity H. [mT] Coercivity H. [mT]

Sample XRD TEM at room temperature at S K
Magnetite 7.1(2) 7.7(2) 70
CoFe,0, 1.9(2)
CoFe,0, 3.4(2) 2.9(4) 264
CoFe,0, 10.4(3) 11.402) 30 1157
CoFe,0, 21.0(5) 20.0(5) 105
which corresponds to CoFe,O, (spinel) phase ICDD- 80
PDF2 #70-8729. On Fig. 3¢ and 3d we present ]
spherical particles of CoFe,O, samples with larger 2 |
mean sizes. SAED patterns of these samples unam- & 407
biguously show that they are crystalline and consist =" ]
only of one phase: CoFe,O, (spinel) ICDD-PDF2 2 /
#70-8729. For CoFe,O, samples it can be seen that 2 0 -
vv.lth.lncreasmg the mean size of the particles their o ] g i/—
distribution becomes wider. [T g
Saturation magnetization M,, remanent mag- & -40 e )
netization M,, and coercivity H, are the main tech- E 60 :Ef?}:g —
nical parameters to characterize the magnetism of ] RO
a ferromagnetic sample. The magnetization curves -80 .

at room temperature of the magnetite sample and
different CoFe,O, samples are shown in Fig. 4a,b
respectively. At room temperature the coercivity as
well as the remanent magnetization of the CoFe,O,
samples is decreasing with smaller particle size
(Table 1). The change of the magnetization of the
nanoparticles (small particle sizes) follows spon-
taneously the orientation of the applied magnetic
field. The samples with the smallest particle size of
1.9 and 3.4 nm exhibit a complete superparamag-
netic behaviour (Fig. 4b), which was also confirmed
by Mdssbauer spectroscopy (Fig. 7a). CoFe,O, na-
noparticles show typical hysteresis for their field-
dependent magnetization below the blocking tem-
perature. Fig. 5 is showing the hysteresis curves of
two CoFe,O, samples with a particle size of 3.4 and
10.4 nm measured at 5 K. The magnetization of the
nanoparticles is not following the applied magnetic
field simultaneously, but has to overcome a certain
magnetic field value. This coercive field represents
the value which is needed to surpass the anisotropy
barrier [22-24]. Therefore, the coercivities for the
CoFe,O, samples strongly increased with lower
temperature. The measurements show clearly that
the coercivity H is strongly size and temperature
dependent [25, 26].

The Mossbauer spectrum of nanosized magnet-
ite (Fe,O,) taken at room temperature is shown in
Fig. 6a. The extremely broadened six lines indicate
that the sample consists of a mixture of superpara-
magnetic and ferrimagnetic phases rather than a
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magnetic field pyoH [mT]

T
-400

Fig. 4a) Room temperature magnetization curve of Fe,O,
(7 nm). The majority of particles are in an intermediate
region (between the superparamagnetic and ferromagnetic
state). The inset shows the hysteresis curve measured up
tox3T

80

magnetic moment [emu/g]
o
1

—4—10.4 nm
-40 A —0—1.9nm
—eo—3.4nm
-60 —A—21nm
'80 T T T T T
-400 -200 0 200 400

magnetic field ygH [mT]

Fig. 4b) Magnetization curves of CoFe,O, nanoparticles,
measured at room temperature: 1.9 nm — open circles,
3.4 nm — filled circles, 10.4 nm — filled triangles, and
21 nm — open triangles. The first two groups of nanopari-
cles are completely in the superparamagnetic state, while
the third and the fourth are in an intermediate region of a
mixed superparamagnetic and ferrimagnetic state
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Fig. 5. Hysteresis loops at 5 K for CoFe,O, samples with
a particle size of 3.4 nm — open triangles and 10.4 nm —
filled triangles
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Fig. 6. Mossbauer spectrum of Fe,0, taken at room tem-
perature — fitted as a magnetic sextet’s distribution (a);
the hyperfine magnetic field distribution (b); Mdssbauer
spectrum of the sample taken at 77 K — fitted as a super-
position of two magnetic sextets (c)

pure superparamagnetic. The spectrum was fitted
as a magnetic sextet’s distributions of 100 closely
spaced sextets with a hyperfine magnetic field dis-
tribution (Fig. 6b). The average isomer shift and
hyperfine magnetic field are: IS=0.41 mm/s and
H =364 kOe. The Mdssbauer spectrum of the same
sample at liquid nitrogen temperature (Fig. 6¢) was
fitted as a superposition of two magnetic sextets.
At this temperature the superparamagnetic relaxa-
tions are blocked for the majority of the magnetic
nanoparticles, however the broadening of the reso-
nance lines for both sextets still could be explained
as small influence of the superparamagnetism. The
isomer shifts for sextets (1) and (2) are 0.46 mm/s
and 0.38 mm/s respectively showing that the Fe?*in
the magnetite sample is partially oxidized to Fe*,
forming some part of maghemite (y-Fe,O;). The hy-
perfine magnetic fields derived from the sextets (1)

5.50 4

5.00

Counts (x 10° )

-10 -5 0 5 10
Velocity (mm/s)

3.70 1

Counts (x 10° )

3.60

Velocity (mm/s)

200+

100+

Relative units

C

100 200 300 400 500
Magnetic field (kOe)

Fig. 7. Mossbauer spectrum of CoFe,O, (3.4 nm) taken
at room temperature — fitted as a quadrupole doublet (a);
Mossbauer spectrum of the same sample taken at 77 K
— fitted as a magnetic sextet’s distribution (b); the hyper-
fine magnetic field distribution (c)
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and (2) are 511 kOe and 487 kOe respectively. On
the basis of these data and taking into account the
Mossbauer data for 6.2 nm magnetite (Fe,O,) ob-
tained by A. D. Arelaro et al. [27] we could assign
the sextet (1) to Fe*" in octahedral (B-site) and the
sextet (2)to Fe** in tetrahedral (A-site).

In Fig. 7a the Mdssbauer spectrum of CoFe,O,
(3.4 nm) at room temperature is shown. The super-
paramagnetic behavior of these nanoparticles leads
to a complete lack of magnetic hyperfine splitting
of the spectrum and represents a quadrupole dou-
blet with broadened lines with an isomer shift of
0.36 mm/s and a quadrupole splitting of 0.76 mm/s.
The origin of the quadrupole doublet line broaden-
ing is connected with the surface of the particle and
the layers in the immediate vicinity of the surface,
creating different electric field gradients on the Fe
nucleus as compared to the electric field gradient
from the core of the nanoparticle.

The Mdossbauer spectrum of CoFe,O, (3.4 nm)
taken at 77 K represents a sextet with broadened
lines (Fig. 7b). The fluctuations of the magnetiza-
tion direction are partially blocked and the mag-
netic hyperfine splitting takes place. The spectrum
was fitted as a magnetic sextet’s distribution of
100 sextets with a hyperfine magnetic field distri-
bution with an average magnetic hyperfine field of
442 kOe (Fig. 7c¢).

100 1
99 4
98 1

97 1

*la Raf

95 4

Relative units (%)

100 Jemay,,
98
96
94
92

90 1

0 8 6 4 2 0 2 4 6 8 10
Velocity (mm/s)

Fig. 8. Mossbauer spectra of CoFe,O, (10.4 nm) taken
at room temperature (a), and taken at 77K and fitted as a
superposition of three magnetic sextets (b)
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Fig. 8 shows the Méssbauer spectra of CoFe,O,
(10.4 nm) taken at room temperature (a) and at
77 K (b) respectively. The RT spectrum (a) shows
a high percentage of superparamagnetic behavior of
the sample, and therefore it is not possible to ex-
tract information about the cation distribution from
such a spectrum. In contrast, the second spectrum
(b), taken at 77 K, shows that the contribution of
the superparamagnetic component is negligible
and the spectrum can be fitted quite well with three
magnetic sextets. The isomer shifts for the sextets
(1), (2), and (3) are 0.37 mm/s, 0.49 mm/s and
0.39 mm/s, respectively. The hyperfine magnetic
fields derived from the sextets (1), (2), and (3) are
489 kOe, 505 kOe, and 524 kOe, respectively. From
these parameters one can conclude that sextet (1)
corresponds to the Fe’" cation in A-site, while the
sextets (2) and (3) correspond to Fe* placed in B-site
(B2 and B3). From the measured relative spectral
areas of the sextets (1), (2), and (3) we can derive
the formula for the cation distribution of CoFe,O,
(10.4 nm), namely: (Co,,Fe,,)[Co,,Fe ,,]O,. Possible
explanation for the two octahedral sites B2 and
B3 is given in the paper of Lopes et al. [28] where
the Mossbauer spectrum for cobalt ferrite nanopar-
ticles (7.2 nm), taken at 5 K was fitted with three
subspectra related to Fe’" in A-site and Fe’* in B2
and B3-sites. The two B-sites correspond to differ-
ent surroundings of Fe'* in the B-positions of the
spinel structure.

CONCLUSIONS

Nanoparticles of two different ferrite materials,
Fe,0, and CoFe,O,, have been obtained by ultra-
sound assisted co-precipitation. The method allows
producing oxide materials with a preliminary de-
sired mean particle size within the nanoscale range
by simple control of synthesis governing param-
eters, such as reactant concentration, power input
and reaction time. Magnetic measurements at room
temperature and 5 K have shown that the magneti-
zation behaviour changes clearly with temperature.
At room temperature the CoFe,O, samples with
the smallest particle size of 1.9 and 3.4 nm exhibit
a complete superparamagnetic behaviour, while
samples with bigger particles show a mixed state
of superparamagnetic and ferrimagnetic behaviour.
Maossbauer spectroscopy measurements provide the
formula for cation distribution of CoFe,O, (10.4
nm), namely (Co, ;Fe o) [Co,,Fe,,]O,.
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[Mocteruna Ha 20 dhespyapu, 2012 r.; mpuera Ha 2 anpui, 2012 1.

(Pesrome)

Cunre3pT Ha HaHopasmeprure Fe,O, u CoFe,0O, O¢ mpoBeneH upe3 cbyTasBaHe Ha CHOTBETHHTE METAIHU

XUJPOKCHAN M TAXHOTO TO-HATATBUIHO pasjaraHe 10 OKCHIM II0Jl BB3JCHCTBHE Ha YITPa3BYKOBO OOJIbUBaHE.
[Tonyuenure Marepuanm ca XapakTepusupaHu ¢ peHrreHona aundpakuus (XRD), TpancMucHOHHA eneKkTpoHHA
mukpockonusi (TEM) u Bubpanmonna marauromerpus (VSM). [oyuenure matepuainu ca ChC CpeIHH pa3Mepu Ha
kpucranurure 7.1 HanomerpasaFe,O,npobaunor 1.9 no 21 nHanomerpa npu CoFe,O, mpoOu B 3aBUCUMOCT OT yCIOBUATA
Ha cuHTe3. Mbocbayeposute criekrpu Ha Fe,0, u CoFe,O,, usmepenu npu craitna temneparypa u 77 K noxasaxa,
qe np061/1Te MposBsABAT WK CyI€prnapaMariuTHO NOBCACHUE UKW CMCEC OT CylepriapaMarHuTHO U (l)epl/IMaFHI/ITHO B
3aBHCHMOCT OT Ha pa3Mepa Ha KpUCTAIMTHTE U TemIiepatypata. Upes MbocOayepoBara ClieKTPOCKOIIHUS € OIPEIeNICHO
U KaTHOHHOTO pa3znpeneneHue 3a oopasen ot CoFe,O, ¢ pasmep Ha kpuctanurure 10.4 nm.
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Doping of dielectric hosts with laser-active ions, such as the rare earth ones, is widely researched recently. The
great interest has been provoked by the miniature waveguide solid state lasers obtained that way, and the opportunity
for monolithic integration of these lasers and other elements on a common substrate.

The present article is a data review on the doping of LINbO, with ions of rare-earth elements. Here, an attempt is
made to summarize the most important results on technologies for doping with rare earths of optical waveguides in
LiNbO, substrates and for obtaining of optical waveguides in rare-earth doped LiNbO,. The sequence of the techno-
logical steps depends on the methods of doping and particularly on the temperature. The main methods of doping are
described: ion implantation, diffusion from a layer deposited on the LiNbO, crystal substrate, diffusion from a melt.
The main points of consideration are the effect of substrate orientation and of the initial doping on the subsequent dif-
fusion processes, mechanism of rare-earth ion penetration and the possible positions they occupy in the lattice, struc-
tural changes due to the doping versus technological parameters, etc. A special attention is paid to the low-temperature
methods of diffusion; they imply ion exchange or diffusion without ion exchange when the doping ions are situated in
existing vacations of the host. The influence of the melt composition, temperature and duration of the diffusion on the
concentration of the dopant in the waveguide is discussed, as well as the conditions at which that kind of anisotropic
diffusion process becomes self-restricted.

Key words: Rare earths, Optical waveguides, LINbO,

INTRODUCTION losses in fiber-optical cables are the lowest. It is also
important to note that, unlike rare-earth-doped glass
fibers, the dopant positions occupy particular sites
in the crystal lattice, which reduces band broaden-
ing due to inhomogeneities, i.e. the pumping and
amplification efficiencies are increased [6].

The obtaining of waveguide lasers consists of
two technological steps: (1) doping with a rare-earth
element, and (2) obtaining of a waveguide.

Being a crystal with strong electro-optical and
non-linear properties, lithium niobate (LN) is one of
the main materials having application in integrated
optics. Of particular interest in recent years are the
possibilities to obtain waveguide lasers based on LN
doped with rare-earth elements, since the lifetime of
their excited states in crystal matrices vary from 1
to 23 ms — a time sufficient for inverse population
to appear [1]. The integrated-optical technologies

based on the use of LN make possible the mono- METHODS OF RARE EARTH CRYSTAL
lithic integration of waveguide lasers with other DOPING

functional elements on a common substrate. An

entire family of waveguide lasers already exists [2, Doping during crystal growth (Nd**, Er’*,
3-5] having excellent parameters, mainly based on YB3, EF*+Yb%, Yb3+Pr)
erbium-doped LN, and emitting in the range 1530

nm <A < 1610 nm. This range belongs to the third The doping takes place by adding the activating

telecommunication spectral window, in which the = compound —usually an oxide (e.g. Er,O; for erbium
doping [7]) — to the melt, in which the growth of
the crystal starts (usually a congruent melt com-
position with Li* to Nb*" concentration ratio of the
order of 0.945). The congruent melt gives rise to
* To whom all correspondence should be sent: Li-defficient crystals that need intrinsic defects to
E-mail: kuneva@issp.bas.bg satisfy the overall charge compensation.
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The doping of LN with erbium is the most ex-
tensively studied one. The erbium concentration
changes the parameters of the lattice and the inten-
sity of the absorption band. Erbium-doped LN crys-
tals with an erbium concentration of 0.5 to 8 mol%
have been grown by Czochralski’s method in order
to study the integration of erbium in the lattice of
LN [7]. It was observed that the erbium concentra-
tion in the crystal changes linearly depending on
the melt concentration up to a concentration which
remains constant, independent of the increase of
the dopant concentration in the melt. The maximal
amount of erbium ions integrated in the lattice is
about 3 mol%. This value should correspond to the
concentration limit of presence of erbium in LN.
The research of other authors indicates that the rare-
earth component occupies random places in LN’s
lattice and that, when the concentration limit is
reached (the limit of solubility of the dopant in the
crystal, corresponding to non-clustered or axially-
positioned erbium ions), the possibility appears that
chaotically positioned clusters or precipitates form
[8, 9]. Their formation is stimulated also by the
large ion radius of rare-earth elements. As shown in
[8], the clusters formed above the saturation point
cause distortions of the lattice and change the ma-
trix’s crystallography. The presence of clusters is
proven experimentally in [10, 11]. When the erbium
concentration increases, radiation trapping effect of
the emission at 1.5 pm is observed, which decreases
the lifetime of the excited states.

The doping of LN with ytterbium is also well-
studied experimentally [6, 12] and theoretically
[13] regarding the concentration and the sites oc-
cupied by the dopant in the lattice during the crys-
tal growht, which is of particular importance, as it
was shown above. The concentrations of the dopant
considered in this case are relatively low (1.0 wt.%
and 0.8 wt.% for LN: Yb, and LN: Yb, Pr, respec-
tively [14]). The results show that the rare-earth
ions occupy mainly Li* sites, and when co-doping
with another element takes place (e.g. Pr), Yb**
ions may also occupy Nb** sites [13] or form Yb**
pairs in an LN matrix with one Yb*" ion placed at
the Li* site and another one at the Nb°* site, while
the rest of the Yb*" ions are randomly distributed
over the Li" sites [15, 16].

More research is also needed to clarify the in-
fluence of rare-earth elements on the crystal of the
incongruent LN [7].

Since the domain structure also strongly de-
pends on the concentration of the dopant in the
crystal, the concentration of Er and Yb influences
the formation of PPLN (periodically poled LN).
The best PPLN structures are formed by doping
with 0.5 mol% with erbium as well as ytterbium.
Below 0.5 mol%, a regular domain structure is

observed, whereas at dopant concentrations over
1 mol% the domain structure is distorted and be-
comes non-periodic [7].

A very important conclusion from the technolog-
ical point of view is the one that at very low concen-
trations of the rare-earth element (below 0.1 at.%)
the doping does not lead to luminescent activation
of the crystal, and at higher concentrations (above
0.6 at.%) effects appear which lead to quenching of
the luminescence. Due to these reasons, the most ef-
fective concentration of the rare-earth element hap-
pens to be in the range from 0.1 to 0.6 at.%.

The simultaneous doping of LN with more
than one rare-earth element is used to avoid ef-
fects harmful to optical amplifiers and lasers such
as photorefraction and luminescence quenching.
Also, at co-doping with erbium and ytterbium, the
Yb*" ions act as sensitizers of the Er’* lumines-
cence, absorbing the pumping light and effectively
transmitting it to the erbium which then emits it
[17]. With this co-doping, compact and highly
efficient waveguide lasers and amplifiers are ob-
tained. The proportions in the quantity of co-dop-
ing elements for growing LiNbO,:Er*'/Yb** and
the parameters of the growing process are also
described elsewhere [18]. The structural analysis
performed by these authors shows that both types
of rare-earth ions occupy sites in the crystal lattice
slightly shifted towards lithium sites (ca. 0.25 A).
The doping with both ion types changes the re-
fractive indices of the crystal so that their values
are maximal at concentration of 1.1-1.2 mol% in
the crystal.

However, it has to be emphasized that it is not at
all easy to dope the crystal homogeneously during
its growth, especially when a low concentration of
the dopant is required (e.g. 0.5 mol%), since in that
case the relative inhomogeneity reaches high val-
ues. Besides, the doping of the bulk material is not
the best solution for waveguide integrated optics,
because, at excitation, all parts of the waveguide
will absorb. The integrated-optical devices are
thin-layer ones and they do not require bulk dop-
ing. Therefore, the methods for local doping of LN
are preferred [19]. The bulk-doped crystals are of
interest mainly with regard to the construction of
high-gain-switched lasers; they operate at concen-
trations up to 2%, which cannot be reached with the
methods for local doping (indiffusion).

lon implantation followed by annealing
(Nd**, Eu’*, Er’")

The attractiveness of ion implantation as a meth-
od for local doping is mainly due to the fact that it
provides the possibility to adjust better the obtained
profile of the dopant in the layer with the profile of
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the optical waveguide which is obtained thereafter
[20]. High-energy (MeV) ion implantation is used
for doping of LN with erbium ions at ion beam en-
ergy of 2.0 or 3.5 MeV and surface density of the
beam of 2x10" and 7.5x10'5 cm™. The obtained
doped layers after annealing do not differ in their
optical properties from bulk-doped LN. The erbium
ions occupy optically active sites, so the photolumi-
nescent spectra and the lifetime of the I ,, level are
the same. No luminescence quenching is observed
at erbium ion concentrations up to 0.12 at.% in the
layer, which is the maximal concentration obtained
under these conditions. lon implantation could be
used also for the modification of already obtained
waveguides in order to introduce laser/amplifier-
active ions such as Er** which offers attractive pos-
sibilities for new devices.

Since the ion beam damages the structure of the
crystal close to the surface and causes amorphiza-
tion of the 50-60 nm thick subsurface layer, the
implantation always requires subsequent annealing
for recrystallization. The recrystallization may not
always be complete. It takes place at high tempera-
tures (800-1250 °C), close to the Curie tempera-
ture for LN, so the electro-optical properties of the
material may be lost. At the annealing, along with
recrystallization, the diffusion of the rare-earth el-
ement in depth also continues, and the profile of
its distribution changes from steplike to Gaussian
[21]. This ensures a better overlap of the doped re-
gion and the field in the optical waveguide formed
thereafter. On the other hand, the amorphized re-
gion provides higher mobility for the dopant ions
and hence, at the thermal treatment, they migrate
more to the surface and less in the depth of the
crystal, so that the effective doping does not coin-
cide with the field of the optical mode propagat-
ing in the waveguide. This increases the losses of
erbium fluorescence. Also, the annealing requires
special attention since the higher concentrations of
the doping element combined with the higher tem-
peratures raise the risk of formation of nano-sized
atomic metal clusters of the dopant, which leads to
luminescence quenching [2]. This makes ion im-
plantation not only an expensive method, but also
a risky one [22].

Indiffusion

The doping by diffusion allows avoiding the use
of expensive equipment for doping during crystal
growth as well as the high energy in ion implanta-
tion. It allows local control of the doping element
concentration by using photolithographic techniques
and the obtaining of a large variety of integrated-
optical devices in any combination on a common
substrate at a higher rate of integration.

100

a) Thermal diffusion from a metal layer deposited
onto LN substrate (Nd**, Er**, Tm?*", Yb*")

The doping by diffusion of rare-earth ions from
a metal layer deposited on the crystal surface takes
place at high temperatures (1050-1130 °C) for a
quite long time (50-250 h depending on the crystal
orientation of the substrate) in a flow of dry oxygen.
These high temperatures and time are required due
to the relatively large ion radii of rare-earth elements
and their harder entry into the LN crystal. Since the
Curie temperature (T, = 1142 °C for congruent LN)
is close to the diffusion one, the risk exists that dur-
ing the diffusion the crystal loses its ferrooelectric
and electro-optical properties. The diffusion creates
a homogeneously doped but very thin surface layer
(nm) in the substrate, so additional annealing is re-
quired for the dopant to enter deeper into the crystal.
At the beginning of the process, while the source
is not yet exhausted, the distribution of the dopant
from the surface to the depth of the crystal has the
shape of an erfc-function. After that, at further ther-
mal treatment after the diffusion of the layer, the
profile transforms to a Gaussian one [23, 24]. In an
aerial atmosphere the metal oxidizes and forms a
hard matte layer. It worsens the optical quality of
the crystal. In that case, either the diffusion should
be continued until the metal oxide transfers entirely
to the substrate, or the crystal surface should be pol-
ished carefully to minimize the losses from surface
scattering in the optical waveguide to be obtained
thereafter in the rare-earth-doped layer [23]. Due
to the low mobility of the ions of rare earth ele-
ments, the doping with them is always the first step
of the obtaining of doped waveguides. The above
discussed shows that the thermal diffusion from
a layer deposited on the surface is also a process
quite difficult from the technological point of view.
Nevertheless, this method has a number of advan-
tages which will be discussed below with the exam-
ple of the thermal diffusion of erbium ions from a
thin vacuum-deposited metal layer.

Besides having the most appropriate emission
spectrum for optical communications, erbium is
also the rare-earth element most frequently used for
diffusion due to its low ion diameter compared to
other rare-earth elements which provides it with a
relatively good mobility during the diffusion proc-
ess [25]. The electron transitions of Er*":LiNbO,
used for laser generation with a wavelength of 1550
nm are a quasi three level system with ground state
absorption. Therefore the erbium doping has to be
limited to these regions of the integrated-optical de-
vice for the function of which pumping is required;
otherwise strong absorption takes place and the effi-
ciency of the device decreases strongly. Such selec-
tive doping cannot be performed during the crystal
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growth but only by indiffusion from a structured
vacuum-deposited layer [23]. This method allows
avoiding the clustering of erbium ions in the ma-
trix and is compatible with the diffusion methods
for obtaining of waveguides. It allows concentration
values to be reached close to the solubility limit for a
solid solution (ca. 0.18 at.% at 1060 °C) without flu-
orescence quenching [21]. This is a prerequisite for
a significant optical amplification in a short distance
(experimentally achieved up to 2 dB/cm). For ex-
ample, the diffusion of an erbium layer (23 A thick)
for 40 h at 1060 °C results in a subsurface layer with
erbium concentration of 3.6x10" cm=[26].

To understand the physical mechanisms behind
the optical properties of the doped LN, it is neces-
sary to be known which sites the dopant occupies in
that pseudo-perovskite matrix. The authors of [27]
have found that in the diffusion from a metal layer,
the Er atoms occupy sites located at 0.46 A from the
lithium sites in a ferroelectric state directed along
the optical axis; at higher erbium concentrations
the diffusion resembles an exchange, where Li and
Nb ions are replaced by erbium ions, thus changing
considerably the structure of the crystal. It remains
well-ordered, with strongly coherent fractions of er-
bium and niobium atoms located in the respective
positions as in [27].

Varioius waveguide lasers have been obtained
by thermal diffusion from a metal layer: Distributed
Bragg Reflector (DBR) laser [3], Distributed Feed-
back (DFB) laser [4], DFB-DBR coupled cavity
laser [5], etc.

b) Diffusion from a melt (Er*)

Although the methods described above allow the
obtaining of high-quality doped waveguides, they
are time-consuming, require high temperatures or
high energy and are risky and technologically com-
plicated. Very promising seems the doping by diffu-
sion from melts of eutectic mixtures of nitrates [28]
or sulphates [29], where the diffusion quite prob-
ably takes the form of an ion exchange. The process
takes place by dipping the substrate in the doping
mixture at relatively low temperatures (a few hun-
dred degrees). Until now this technology has been
studied and applied only for doping of LN with er-
bium. It has to be noted that the diffusion coefficient
of erbium with this method is twice higher than with
diffusion from a metal layer [30]. Melts with the fol-
lowing composition have been proposed (I-I1I):

76 CsNO, + 14 Ba(NO,), + 10 Er(NO,), [28] (I)
The diffusion takes place at a temperature of

about 400 °C and for about 5 h. This way, a very
thin doped surface layer is obtained having an er-

bium concentration of up to 9 wt%. The post-diffu-
sion annealing at 400 °C for 20—40 hours increases
the depth of the doped region and lowers the dopant
concentration in the subsurface layer. The tempera-
ture should not exceed 500 °C since higher temper-
atures cause microcracks to appear on the sample
surface, probably due to the too fast relaxation of
the tensions in the diffused region [28]. The best re-
sults are obtained for X-cut samples.

90 KNO, +10 Er(NO,), [28] (II)

The diffusion lasts about 5 hours at a temperature
of 350—400 °C in a platinum crucible. Under these
conditions, in X-cut samples, a thin (50 nm) doped
layer is obtained having a dopant concentration up
to 20 at.%. Erbium ions have a homogeneous (step-
like) distribution. The erbium concentration in the
different cuts differs significantly — from ca. 3 at.%
for Y- and Z-cut to 20 at.% for X-cut. Erbium ions
may diffuse into the crystal when additional anneal-
ing is applied at 350 °C, and their distribution be-
comes Gaussian [28].

The change in lithium concentration in the doped
layer (i.e. lithium decrease) is studied by the Neutron
Depth Profiling (NDP) method. The distribution
of the integrated erbium atoms is determined us-
ing Rutherford Backscattering Spectrometry (RBS)
[19]. The RBS spectrum shows that erbium ions are
located in a ca. 100 nm thick layer (after anneal-
ing) on the surface of the crystal, and that there is a
strong anisotropy when doping substrates having dif-
ferent crystal orientations. While with Y- and Z-cut
substrates the erbium concentration does not exceed
5 at.%, in the cases of an X-cut it could easily reach
20 at.%. This may be explained, to some extent, as
owing to the known different wettability of the Z-cut
compared to the X- and Y-cut by the melt. The wetta-
bility of Z-cuts by the melt is impeded most probably
due to the pyroelectric effect (the pyroelectric axis of
LN is perpendicular to the Z-cut substare). This can-
not, however, explain the different behaviour of X-
and Y-cuts.

The study on concentration profiles of lithium
shows that no lithium decrease is observed in the
doped layer, therefore erbium ions do not occupy
lithium sites during low-temperature doping, and it
does not take the form of an exchange, but of an
interstitial diffusion. Erbium ions most probably
occupy the majority of vacancies, which explains
the higher concentration of erbium ions in the X-cut
samples [28].

Other authors have an interpretation slightly op-
posing the above — they assume that the diffusion
has the form of an ion exchange [30]. These authors
use sulphate melts instead of nitrate ones (II1) [29].
Ion exchange is a transfer of different types of ions
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between phases brought to a contact. The gradi-
ent in chemical potential at their interface leads to
movement and exchange of the different ion types,
so that electrical neutrality is preserved. When ion
exchange is not isovalent, the diffusion coefficient
depends on many parameters and it is not easy to
predict the profile of the doping element (i.e. of its
distribution in depth). Within this exchange, a com-
plex rearrangement of the crystal structure takes
place, for which no thorough model has been cre-
ated yet [31].

19.4K,S0,+9.9Na,SO,+70.7Li1,S0,
+0.125 wt.% Er,(SO,), [29] (11D

The diffusion lasts 24 hours at 680 °C. The ex-
change takes place at temperatures of 560—700 °C.
The profile of erbium distribution depends on the
speed of melt heating — fast (300 °C/h) or slow
(150 °C/h). The diffusion time varies from 4 to
24 hours. Additional annealing at 900 °C for 15 h
is also performed. By varying the amount of erbium
sulphate in the melt from 0.002 wt.% to 5 wt.%, it
has been found that below 0.002 wt.% the exchange
is inefficient even at longer times and higher tem-
peratures. Above 5 wt.% the thickness of the ion-
exchange layer decreases. A thickness of a few mi-
crometers is achievable at a concentration of 0.6 %,
time below 10 hours and temperature about 600 °C.
At concentrations of erbium sulphate between 0.1—
0.6 wt.% the luminescence intensity increases lin-
early with concentration, i. e. within this range there
is still no luminescence quenching. The systematic
study done by these authors to establish the de-
pendence of erbium profile on diffusion parameters
shows that it is preferable to use lower temperatures
and shorter times, since the process seems to be
self-limiting. The authors state that, due to the high-
er mobility of lithium compared to erbium, a local
unbalanced charge appears which limits the further
diffusion of erbium into the matrix. The gradient in
ion concentration leads to the formation of a barrier
layer which blocks the diffusion of ions involved in
the process. As a possible explanation for the fact
that in X-cut samples the exchange layer is thicker
than in Z-cut ones, these authors also point out the
better wettability of X-cut substrates. It is harder in
terms of energy for erbium to enter Z-cut substrates
due to its lower concentration on the surface.

The analysis of concentration profiles using
SIMS and RBS shows complete lithium depletion
of the subsurface layer, and a stoichiometry close
to Er,Nb,O, which corresponds to a mixture of
erbium and niobium oxides. Under the subsurface
layer, a multivalent Er**-3Li" exchange takes place.
Thicker layers are formed in X-cut substrates than
in Z-cut ones, i.e. these authors also find anisotropy
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of diffusion. Moreover, they also find that in the
case of X-cut samples, both surfaces of the sample
dipped in the melt are equally and homogeneously
doped, whereas with Z-cut, active erbium agglom-
erates are formed, probably due to the different ori-
entation of the ferroelectric domains in the crystal,
which results in doping with active erbium ions of
only one surface of the substrate.

Ion exchange in a salt melt is the most conven-
ient technology for local doping, if no co-doping
with another element is needed. With this method
the thermal stress upon the crystal is minimal and
the risk of depolarization and loss of electro-optical
properties is avoided.

To use rare-earth doped substrates in integrated-
optical circuits, after the doping it is necessary to
obtain high-quality optical waveguides.

WAYS FOR OBTAINING ACTIVE
WAVEGUIDES

Creation of the the waveguide
by the doping itself

It has been found with erbium diffusion from ni-
trate melts [28], that all samples regardless of their
crystal orientation have waveguiding properties
stemming from a change in the extraordinary refrac-
tive index in the range 0.003—0.005 for wavelength
of 0.633 um. The waveguides obtained this way are
quite thick —up to 9 pum [19]. This waveguide effect
of the diffused layer results solely from the pres-
ence of erbium ions. However, due to a number of
reasons, the waveguides so obtained do not have a
practical application.

Creation of an optical waveguide
in a rare-earth doped crystal

For the formation of optical waveguides in LN
previously doped with rare-earth elements, ion im-
plantation, diffusion from a metal layer, and proton
exchange have been used. It has to be mentioned
that the rare-earth doping also changes the refrac-
tive index, and if it is a local one, it also creates a
waveguide itself.

The two widely accepted technologies for ob-
taining of optical waveguides in LN by diffusion
are titanium diffusion and proton exchange. Proton
exchange has the advantage of increasing the pho-
torefractive resistance and the generation of a strong
waveguide effect, but the obtained waveguides
maintain only one polarization, since only the ex-
traordinary refractive index rises. This makes some
authors state that the waveguides obtained by pro-
ton exchange are not suitable for laser action, since



M. Kuneva: Rare-earth doped optical waveguides in LiINbO,

the fluorescence of the system La*:LN has both
polarizations [32]. Many authors however consider
proton-exchanged waveguides as a good alternative
to titanium ones for the obtaining of integrated-op-
tical lasers [28, 33].

a) In-diffusion of Ti or Zn from a metal layer

The most frequently used and approved tech-
nology is the diffusion of Ti in LiNbO,. Until now,
this is the technology providing the highest qual-
ity of waveguides formed in LN previously doped
with rare-earth ions. A thin layer of titanium with a
thickness of 20-200 nm is deposited onto a crystal
substrate and after that, the thermal diffusion takes
place at ca. 950-1100 °C for several (5-20) hours
in flowing Ar gas atmosphere (to prevent oxidation
of the metal) replaced by O, during cool-down to
allow reoxidation. If the diffusion takes place in an
argon atmosphere, the ions directly enter the sub-
strate and diffuse from the metal layer until its ex-
haustion. If the diffusion is carried out in an oxy-
gen atmosphere, the layer is first oxidized to TiO,
or ZnO, respectively, and the metal ions enter the
substrate from the oxide layer. In this case, as with
the rare-earth activation from a metal layer depos-
ited onto the crystal surface, it is very important that
the diffusion of Ti/Zn is complete. If the metal layer
diffuses incompletely, it is necessary to polish the
surface in order to obtain a high-quality, low-loss
waveguide.

Diffusion gives a profile which is typically half-
Gaussian or error-function in shape, with a maximal
change at the surface.

The formation of the waveguide structure is per-
formed by photolithography, followed by deposition
of a Ti layer and thermal diffusion. Due to the high
losses and the instability of the obtained waveguides,
additional annealing in an oxygen atmosphere or
periodic poling is needed [32]. The obtained opti-
cal waveguide overlaps the rare-earth doped region.
Since the diffusion temperature and the duration of
the process of waveguide formation also allow the

Stripe optical waveguide

rare-earth element to enter deeper into the crystal,
it is best to consider this process as an additional
annealing of the doped layer when calculating the
final diffusion depth of the rare-earth element. At
the same time, titanium has a faster diffusion (due
to its shorter ion radius) and this way it provides
the necessary larger width of the waveguide channel
compared to the width of the rare-earth region.

In Figure 1, the transverse section of a crystal is
shown, surface-doped with a rare-earth element sur-
rounded by a stripe waveguide, obtained by titanium
diffusion or proton exchange. The rare-earth doped
area has a smaller width than the waveguide and a
smaller doping depth than the waveguide channel
depth. The maximal concentration of the rare-earth
dopant is located in the center below the surface of
the crystal.

A good combination of the technologies for ob-
taining of erbium-doped LN and for the formation
of optical waveguides by titanium diffusion is dem-
onstrated by the authors of [34-36], as well as opti-
cal amplifiers and lasers based thereon [2].

The obtaining of waveguides by diffusion of ti-
tanium or zinc in the activated systems (Nd/Er/Tm/
YD):LiNbO; has been described [37]. Single-mode
waveguides are formed by diffusion of 7 pm wide,
100 nm thick Ti-stripes for 9 hours at 1060 °C. The
crystal orientation of the substrates is selected with
regard to the type of laser device to be obtained: for
DBR/DFB lasers or for acoustooptically tunable la-
sers, X-cut substrates are used, and a propagation of
the light beam along Z in the first case, and along Y
in the second one. For the obtaining of Q-switched
and modelocked lasers, Z-cut substrates are selected
and a propagation of the light beam along X, in or-
der to use the highest value of the electro-optical
coefficient for more efficient modulation.

The main advantages of the formation of optical
waveguides by thermal indiffusion of a metal layer
in LN are: high reproducibility, increase of both
ordinary and extraordinary refractive indices, high
stability of waveguide parameters and low losses
in the obtained waveguides. As disadvantages,

Crystal

RE - doped region (stripe)

Maximal concentration of the RE element

Fig. 1. A transverse section of a rare-earth doped waveguide channel in LN
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the following may be cited: the high temperature
required and the parasitic waveguides formed by
out-diffusion, as well as the 100-fold reduction in
the optical damage threshold power density from
the bulk value.

b) Proton exchange

Proton exchange (PE) takes place in a surface
layer of a substrate immersed in an appropriate
acidic melt [38]. PE modifies the surface layer
(several pm in depth) by Li-H ion exchange at a
relatively low temperature (160-250 °C) causing a
large extraordinary index change An, (An, = 0.12
at 0.633 um). The PE layers show complex phase
behavior depending on the hydrogen concentration.
Strong protonation considerably worsens electro-
optical properties of the waveguiding layer [39] and
causes higher losses (2 to 5 dB/cm) [40] and some
instability of the parameters over time. However,
taking into consideration that other methods (melt
buffering and/or annealing) exist for the adjust-
ment of phase composition [41], these drawbacks
can be corrected or even turned into advantages for
the possibility to modify the electro-optical proper-
ties. These can also be avoided by using the meth-
ods for optimization of proton concentration [42].
Waveguide fabrication by PE has multiple varia-
tions, including post-exchange annealing (APE)
[42]. Proton-exchanged LN waveguide devices are
preferred over Ti-diffused LN ones in cases where
high optical powers are to be transmitted and/or sin-
gle polarization operation is desired.

Considering proton exchange of rare-earth doped
LN, it should be taken into account that radiative
lifetime reduction and strong fluorescence quench-
ing occur because of the coupling to OH-phonons
[43, 44]. Due to these reasons, some authors do
not find the combination of rare-earth doping with
subsequent obtaining of the optical waveguide by
proton exchange a good one for waveguide lasers,
since the presence of hydrogen has a killing effect
on the excited erbium electrons, shortening their
lifetimes, which then results in a drastically reduced
optical gain [2, 24, 36, 44, 45]. Promising results
have been obtained with selection of appropriate
conditions for carrying out proton exchange with
subsequent annealing for the formation of the op-
tical waveguide [19, 28, 29], or with using reverse
proton exchange (RPE) [46]. Waveguide lasers
have been described based on stripe waveguides
obtained in erbium-doped LN by proton exchange
for 2 h in benzoic acid buffered with 1 mol% lith-
ium benzoate at 200 °C, with subsequent anneal-
ing for 3—4 hours at 350 °C [47]. Continuous-wave
laser action at 1084.5° nm at room temperature in
LiNbO,:Nd** channel waveguides, fabricated by
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RPE, is reported.[46]. Yb-diffused LiNbO, an-
nealed/proton-exchanged waveguide lasers are also
demonstrated. A Fabry-Pérot waveguide laser of
3-cm length is fabricated and characterized. For op-
tical pumping at 918-nm wavelength, stable contin-
uous-wave laser oscillation is achieved at 1061 nm
with a threshold power of 40 mW. [33]. It has been
demonstrated that Er-doped optical waveguides
produced by a moderate temperature process (APE,
for example) are quite effective [19]. With appro-
priately chosen parameters of the APE technology
[43], the hydrogen content in the waveguides could
be decreased to a level not causing photolumines-
cent quenching, so that such waveguides could be
used in active integrated-optical structures.

The results of the study of APE layers in LN
doped with erbium or erbium+ytterbium show also
that during the APE process, no loss of rare-earth
elements from the substrate previously doped with
them is observed. The waveguide properties and
the PE process itself in doped samples do not differ
from those of non-doped ones. The presence of dop-
ing ions (rare-earth as well as hydrogen ones) leads
to worsening of the electro-optical properties of LN,
but a carefully designed APE technology may re-
store them almost to the degree of a non-doped LN.
This may be done by modeling the distribution of
lithium in the waveguide area, since a correlation
between the uniform distribution of lithium and the
high values of the electro-optical coefficient r;; has
been found. A homogeneous distribution of lithi-
um and a very low content of hydrogen has been
obtained in the long-time-annealed waveguiding
layers [48].

It has to be mentioned that the problems with lu-
minescence quenching are observed only with pro-
tonation of erbium-doped LN, whereas, for exam-
ple, after protonation of a neodymium-doped LN,
a very effective luminescence has been registered
around 1 pm wavelength and no quenching prob-
lems are reported [44, 49]. Besides, luminescence
quenching after the proton exchange has not always
been observed in the case of erbium activation of
LN. This effect has been reported when the doping
has been performed either during crystal growth by
ion implantation, or by diffusion from a metal layer
[2, 24, 44, 45] and does not take place when the
doping has been performed with a low-temperature
process in a melt [19, 28-29, 50-52].

The advantages of proton exchange as a meth-
od for obtaining of optical waveguides in LN are:
a fast and simple waveguide formation procedure;
non-toxicity and lower cost; possibility of thermal
tuning of the refractive index; a strong waveguid-
ing effect; an increased photorefractive resistance;
flexibility and compatibility with other technolo-
gies; a large variety of optimization steps. Its main
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disadvantages are: multiphase composition of the
waveguide layer; deterioration of electro-optical
properties in strongly protonated layers; some insta-
bility over time.

Doping of a previously obtained optical
waveguide with laser-active ions (rare earths)

Since for the formation of laser-active wave-
guides the opposite procedure is also generally pos-
sible — proton exchange and subsequent diffusion
of a rare-earth element — the influence of proton
exchange on the following erbium-ion doping has
been studied, in the case that the obtaining of the
optical waveguide is chosen as the first step in the
fabrication of the waveguide light amplifier or laser
[19, 28]. It has been found that with the diffusion of
erbium the amount of diffused erbium depends not
only on the crystal orientation but also on the histo-
ry of the substrate — untreated or previously proton-
exchanged. This dependence is strongest with X-cut
samples, in which the proton exchange lowers about
15 times the amount of erbium ions compared to that
in non-protonated subtstrates under identical condi-
tions [28]. This is most probably due to the gradual
transition of the structure of LN towards monocline
one after PE. Although the lattice parameters do not
change significantly, that suppresses the diffusion of
erbium ions. Due to these reasons, the erbium dop-
ing should be performed before the APE process,

A
1) 2) | RE RE
PRI | PR PR | RE | PR
S S
3) 6) [T Ti
SG PR [T | PR
S +T2 S
B
1) 2)
e Ti
DR
S +T1 S

since the completely changed structure of APE lay-
ers impedes the process of rare-earth doping [19].
In Figure 2-A, the steps for the obtaining of a
stripe optical waveguide activated by a rare-earth el-
ement are schematically shown. The first step is the
deposition of structured photoresist (PR) onto the
crystal surface, thereby obtaining photoresist-free
channels in the area subjected to rare-earth doping.
The second step is the deposition of the rare-earth
element (RE) by sputtering or vaccum evaporation
in the form of a metal or a metal oxide, after which
the photoresist (PR) together with the overlying lay-
er are removed by the lift-off technique. This results
in a small rare-earth stripe (RE) deposited onto the
surface of the crystal substrate (S); the stripe would
diffuse in S in the next step. This diffusion takes
place during the first thermal treatment (T1) in an
atmosphere of Ar-O,, the temperature and duration
being so chosen that a controlled diffusion depth is
achieved which has to be smaller than the depth of
the waveguide channel, which should be inserted
thereafter. It has been shown, for example [49] that
with Z-cut substrates, an average diffusion depth
of 5 um is reached after 100 h at 1050 °C, and at
1080 °C the depth is 7.2 pm. The diffusion depth is
defined as 1/e of the surface concentration. The next
step is the deposition of silica-gel (sol-gel) (SG) onto
the crystal surface, followed by the second thermal
treatment (T2) which leads to partial out-diffusion
of the dopant close to the surface through the sur-

3) 4)
B A2
S +T1 S
7) 8)
]
() F)
S +13 S
" Virorpd e o
: Ti + RE
+ T2 S

Fig. 2. Scheme of the technological steps for obtaining an active waveguide
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face in the gel. This way, an area with a maximal
dopant concentration is formed under the surface of
the crystal. At the same time, the rare-earth doped
area becomes deeper. The next step is the deposition
of titanium (T1) onto the structured photoresist (PR)
onto the surface of S and its diffusion in the crystal
during the third thermal treatment (T3), again in an
atmosphere of Ar-O,. A titanium stripe is deposited
over the center of the rare-earth doped area, and as a
result, the axis of the waveguide channel is parallel
to that of the rare-earth channel. With a 95 nm thick
titanium layer and a diffusion of 10 h at 1050 °C, a
single-mode waveguide is obtained.

In Figure 2-B, another method is shown for the
formation of the lateral borders of the waveguide
channel. This process comprises an initial deposi-
tion of a rare-earth layer (RE) onto a wide area of
the crystal substrate (S) and its diffusion during the
first thermal treatment (T1). After that, again over
a wide area, a waveguide is formed by Ti diffusion
or PE. The next step is the deposition of photore-
sist (PR) onto the doped area (DR), the photoresist
being so structured that a small stripe of photore-
sist (PR1) remains where the waveguide channel
should be formed. In the following step, the surplus
doped material at both sides of the stripe is etched
by ion etching, and the photoresist is removed in the
next step. This way a small stripe — a narrow stripe
waveguide doped with a rare-earth element — stays
on the crystal.

lon implantation (He", Ne*)

Ion implantation is performed usually at ener-
gies from 7 keV to 2 MeV. The change of the re-
fractive index depends on the ion energy and is
relatively large — from 0.02 to 0.08 [53]. After the
implantation, annealing is always performed to re-
store the crystal structure [2, 25]. The implantation
of H"in erbium-doped LN easily leads to chemical
reactions, for example formation of OH-groups, and
they are important centers of luminescence quench-
ing [2]. In this case, for ion-implanted waveguides,
co-doped LN substrates are used, for example with
MgO, which avoids the quenching by OH-groups.
Waveguides with a high optical quality have been
obtained with implantation of H* in LiNbO, bulk-
doped with Eu*" and MgO [54]. There, no lumines-
cence quenching is observed and the fluorescence in
the waveguide is the same as bulk fluorescence.

The method has the advantages of preserving
the bulk material properties, depth control and pos-
sibility for obtaining multilayer structures, as well
as an opportunity of writing optical circuits by ion
beam. However, it is a very expensive method and
some instability of waveguide parameters over time
has been demonstrated.
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CONCLUSIONS

* The choice of technological conditions for
rare-earth doping of LN affects the dopant penetra-
tion and location as well as the structural changes of
the doped layers.

* The concentration of the dopant and the sites
its ions occupy in the crystal lattice of the LN matrix
are crucial for both the dopant’s luminescent activa-
tion and its optical properties.

* The local doping of LiNbO, exhibits strong
anisotropy.

* In many cases lasing efficiency and optical
properties of the waveguides obtained could be im-
proved by co-doping.

* The most convenient and promising methods
for obtaining waveguide lasers are the diffusion
ones — for rare-earth doping as well as for the sub-
sequent fabrication of the optical waveguides.

* Better results are achieved when the doping
with rare-earth ions precedes the fabrication of the
optical waveguides, although in some cases the re-
verse procedure is also possible.
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OIITUYHU BBJIHOBOAU B JINTUEB HUOBAT,
JOTUPAH C PEKO3EMHU EJIEMEHTU

M. KnHeBa

Hnemumym no gusuxa Ha mewpoomo msno ,,Axao. I'. Haoaxcakog ™ — Bvieapcka akademusi Ha HayKume,
oyn. ,, Lapuepaocko woce“ Ne 72, Cogpus 1784, Pvreapus

[ocrenuna va 15 despyapu, 2012 r.; mpuera Ha 26 mapT, 2012 1.
(Pesrome)

JloTHpaHeTo Ha AUENIEKTPUIIU C JIa3epHO-aKTUBHU HOHHU, KAKBUTO Ca HOHHUTE HA PEAKO3EMHUTE SIEMEHTH, € MPe/i-
MET Ha MIMPOKO U3CIIe/IBAHEe MPEe3 MOCICAHNTE rOAUHK. ['0IleMHsAT HHTEpeC Ce ABJDKUA HA Bb3MOXKHOCTTA 32 MOJyda-
BaHE 110 TO3W HAYMH HA MHUHUATIOPHU TBBPJIOTEIHH JIA3epH M 32 MOHOJIMTHO MHTETPUPAHE HA TE3H JIa3epH U JIPyTH
€IIEMEHTH BbpXY 00IIIa MMO/UI0MKKA.

Hacrosiiiata my0aukaiust mpecTaBisiBa 0030p Ha MO-BaKHUTE U3CIIE/IBAaHKS B 00JIaCTTa HA JOTUPAHETO HA JIH-
THEB HHOOAT ¢ HOHM Ha PEJIKO3eMHH eleMeHTH. HanpaBeH e onut 3a 00001[aBaHe HAa PE3yNTaTHTE [0 OTHOIICHUE
Ha TexXHoJoruure 3a notupane Ha LiNDO, ¢ a3epHO-aKTHBHM HOHM ¥ 3a MOJy4aBaHE Ha ONTHYHH BBHIHOBOIM B
JOTHPAHUTE C PEAKO3EMHHU eneMeHTH NoanoxXku oT LiNbO,. OcHOBHUTE METOIM 3a JOTHpaHE ca: BhBEKAAaHE HA
nmpuMeca Py M3PACTBAHETO HA KPUCTAia, HOHHA MMILIAHTALUS, TU(Y3Usl OT CIOM, OTI0XKEH BBPXY KpUCTAIHATA
MOJUTOXKKA, TU(Y3UsI OT CTOMMIKA. Pa3riielaHo € BAMSHUETO Ha OPUEHTALMATA Ha MOJJIOKKATA BbPXY JOTUPAHETO,
BIHMSHUETO HA JOTHPAHETO BHPXY CIACABAIIM TU(PY3UOHHH MPOIECH, Bh3MOXKHUTE MO3UIUHN HA IPUMECHUTE HOHU B
pemrerkata Ha LiNbO,-MaTpuna, CTpyKTypHUTE IIPOMEHHM B Hesl M 3aBUCUMOCTTA M OT TEXHOJOTHYHUTE TapaMeTpH
Ha audy3uoHHUsI TIporec U T.H. CreruaiHo BHUMAHUE € OT/IEICHO Ha HUCKOTEMIIEPATYPHUTE METOIU 3a Mudy3us,
TIPH KOUTO C€ U3BBPIIBA HOHEH 00OMeH Wi audy3us 0e3 HoHeH 00MeH, IIPU KOSITO TOTHPAIINTE HOHH ce pasoiarat
B CBIIIECTBYBAIIUTE BAaKaHIMK B KpHrcTanHarta pemerka Ha LiINbO,. O6¢ch1eHO € BIMSIHUETO Ha ChCTaBa Ha CTOIMIIKA-
Ta, TEMIIEPaTypaTa U NPOIb/DKUTEIIHOCTTA HA TU(Y3UsITa BbPXY KOHIICHTPAIUATA HA JTOTUPAIIHUS SJIEMEHT, KAaKTO U
YCIIOBUSITA, [TPU KOUTO aHU30TPOITHATA TU(Y3HUsI CTaBa CAMOOTPAaHUYABAIIL CE MPOILIEC.
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Samarium and manganese doped zinc phosphate compositions were prepared by high-temperature ceramic syn-
thesis where ZnO, NH,H,PO, and Sm,0, (or MnO) of pre-determined ratios were powdered, mixed and placed in
alumina crucibles. The synthesis was performed at 950 °C for 3 hours in a muffle furnace. Samples were quenched
out of the melt to room temperatures and after that annealed at 250 °C for 2 hours. Sm,0O; and MnO doping varied

between 0.03 and 0.28 mol percentage.

Using powder X-ray diffraction, we have found that the observed fundamental crystalline phase is iso-structural
with a-Zn,P,0,, where samarium and manganese ions most probably substitute for Zn?*. This is supported by the
obtained photoluminescence spectra. The lattice parameters obtained from the Le Bail calculations for the doped zinc
phosphate crystalline phase are very similar to the lattice parameters of 0-Zn,P,0,. Deviation of lattice parameters is
associated with different ionic radius of dopant Sm*" and Mn?*".

Key words: doped zinc phosphates, samarium, manganese, crystal structure, photoluminescence.

INTRODUCTION

Recently there has been significant interest in
materials based on phosphates (P,O;), doped with
rare earths and others elements (such as transition
elements) due to their unique optical and electri-
cal properties and related photo-, electro-, lumi-
nescent effects and others. These materials have
potential applications in advanced devices such as
laser sources, sensors, photodiodes, X-ray imaging
plates, anti-counterfeit printing additives etc.

These compositions, stoichiometric or alloys,
have been synthesized by different methods — sin-
tering, melting, sol — gel and others. They may have
polycrystalline, amorphous or amorphous-crystal-
line mixed phase composition. The amorphous state
provides technological and functional advantage in
many cases. Attention is directed to changing their
optical, mechanical and thermal properties for dif-
ferent ratio of ZnO and P,O, and different contents
of doped elements [1-4].

Our research on samarium and manganese
doped zinc phosphates has demonstrated that UV

* To whom all correspondence should be sent:
E-mail: patron@uni-plovdiv.bg

© 2012 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

and X-ray exited photo-luminescence in the visible
spectra and glass ceramics materials are formed in
the ZnO — rich compositions. We believe the strong
photoluminescence is due to the stabilisation of sa-
marium and manganese ions within both the glass
matrix and within the crystalline phases dispersed
into these scintillating materials. It is of particu-
lar interest to investigate crystalline phases in this
glassy matrix and to study their structures, in order
to understand their relationship with the photo-lu-
minescence properties.

In our work we present synthesis and characteri-
sation studies of samarium and manganese doped
ZnO-rich zinc phosphate material of composition
YM — (72-y)ZnO — 28P,0, where: M = Sm,0, or
MnO, y varied between 0.03 and 0.28 mol%. We
examine the difference between the two dopant
structures, and we correlate them to the observed
photo-luminescence properties.

EXPERIMENTAL
Sample preparation

All samples were prepared by high-temperature
ceramic methods using NH,H,PO,, ZnO and Sm,0,
(or MnO) as starting materials. The reagents were
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thoroughly mixed, placed in alumina crucibles and
heated at 950 °C for 3 hours in a muffle furnace.
The obtained homogeneous melts were then poured
onto a graphite plate and annealed at 250 °C for two
hours. The obtained materials are easily reproduc-
ible. Synthesis of the doped zinc phosphate samples
(samarium or manganese) is schematically present-
ed on Fig. 1. Sm,0, or MnO doping varied between
0.03 and 0.28 mol percentage.

Density measurements

Density measurements were carried out accord-
ing to the Archimedes method using deionised wa-
ter of density 1g/cm® as an immersion liquid.

Photoluminescence measurements

The photoluminescence spectra were measured
by optical CCD Aventes spectrometer Ave-Spec
2048, operating at 25 MW in the range 250—1100 nm
at room temperature. Two light sources were used:
405 nm laser diode and 365 nm light emitting diode.

Powder X-ray diffraction analysis

Powder X-ray diffraction data were collected
on TUR M62 diffractometer operating with a Cu
Ko radiation source (A = 0.15405 nm), in steps of
0.04° over the range of 10-60° 20, with a time per
step of 2.8 sec.

Modelling of the powder X-ray diffraction pat-
terns was carried out using Powder Cell software
[5]. The Le Bail method [6] implemented within the

/n0O

Sm,0, NH,H,PO,

mixing spoon
Beaker

Batching materials

graphite plate

glass

Pouring

| reaction mixture

General Structure Analysis Software (GSAS) [7]
was used to extract structure factors and refine the
cell parameters. The Le Bail refinements were car-

ried out based on the reported crystal structure of
a-Zn,P,0, [8, 9, 10].

RESULTS AND DISCUSSION

Lists of the samples and the data obtained from
density measurements of the same are presented in
Table 1 and Table 2. There are some variations in
the density as a function of Sm,0; or MnO doping.
This may be related to the changes in atomic masses,
ionic size, cross-linking densities and occupied posi-
tions of the constituent dopant elements in glass-ce-
ramics [11]. A somewhat similar trend was observed
by Eraiah ef al. [1] who found that the density of
samarium doped zinc phosphate glasses reached
a minimum at Sm,0O, doping level of 0.03 mol %.
This trend is explained by the fact that Sm,O, acts as

Table 1. List of samarium doped zinc phosphate
samples

Composition

——)

No Density (p),
- Sm203, ZnO, PZOS’ g/cm3
mol % mol % mol %
1 0.03 72.28 27.69 4.60
2 0.09 72.17 27.74 4.46
3 0.14 72.06 27.80 4.26
4 0.28 71.79 27.93 4.74
950°C
porcelain spoon
reaction mixture
Melting
250°C

< porcelain spoon

sample

Annealing

Fig. 1. Preparation of the samarium and manganese doped zinc phosphate samples
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Table 2. List of manganese doped zinc phosphate
samples

“ Composition Density (p),

- MnO, ZnO, PO, g/em?
mol % mol % mol %

5 0.03 72.28 27.69 3.95

6 0.09 72.17 27.74 3.89

7 0.14 72.06 27.80 3.68

8 0.17 72.01 27.82 3.25

9 0.23 71.90 27.87 3.68

10 0.28 71.79 27.93 3.76

a glass modifier that increases the fraction of non-
bridging oxygen atoms and leads to increased poros-
ity and reduced density of the glass.

The densities of the samples in our work are
higher than the densities reported for samarium
doped zinc phosphate glasses by Eraiah et al. [1].
This could be expected, given the higher molar frac-
tion of ZnO in our material (70%), compared to the

‘ 6
GS!Z =2 H7l2

Relative intensity, a.u.

450.000 550.000 650.000 750.000

Wavelength, nm

Fig. 2. Photoluminescence spectra of samples 1-4 at ex-
citation wavelength 405 nm

glasses studied by Eraiah ef al. [1] where the molar
fraction of ZnO was 60%.

All synthesized materials display photolumi-
nescence. Representative emission spectra for
samples 1—4 are illustrated in Figure 2 and reveal
four emission bands in the wavelength range be-

s l' '" 4
-
g ‘ 3
5 m
= ‘ 2
1
15 20 25 30 35 40 45 50 55 60
2 theta, degrees
Fig. 3a
| l 10
: o
& 9
2 . ‘
é’ -~ :
Fig. 3. Powder X-ray diffraction patterns :: m 7
for samarium (Fig. 3a) and manganese p
(Fig. 3b) doped zinc phosphate samples:
Nol (0.03 mol% Sm,0,), No2 (0.09 mol% 5
Sm,0,), No3 (0.14 mol% Sm,0,), No4 ‘ ‘
(0.28 mol% Sm,0,) No5 (0.03 mol% MnO), 15 20 25 30 35 40 45 50 55 60
No6 (0.09 mol% MnO), No7 (0.14 mol%
MnO), No8 (0.17 mol% MnO), No9 (0.23 2 theta,degrees
mol% MnO), No10 (0.28 mol% MnO) Fig. 3b
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tween 450 and 750 nm, namely 564 nm, 600 nm,
645 nm and 710 nm. The band at 600 nm which
corresponds to orange emission is the most in-
tense. As shown in Figure 2, the emission bands
can be assigned to the 4/~4f transitions from the
excited *Gy, level to the ground state °H,, and
higher levels °H, (J > 5/2) of the trivalent Sm**
ions which have 4f° configuration. The spectra in-
dicate that the luminescence reddish colour of UV
irradiated (LED 365 and 405 nm) Zn-phosphate
materials are due to Sm*" ions only (no Sm?* ions
present) [12, 13].

Powder X-ray diffraction was used to iden-
tify the crystalline phases present in the obtained
samples. The X-ray diffraction patterns, pre-
sented in Figure 3, confirm that all samples con-
tain one or more crystalline phases. However,
the poorly defined peak shapes and the presence
of a high background, which is attributable to
an amorphous phase, indicate the formation of
mixed amorphous-crystalline (glass ceramic
like) material.

Inspection of the powder patterns using Powder
Cell software shows that the observed crystalline
phases are iso-structural with a-Zn,P,0, (8,9, 10],
illustrated in Figure 4, where samarium and man-

ganese ions most likely substitute for Zn?**. The
material crystallises with monoclinic symmetry
in space group 12/c with unit cell parameters a =
20.068(15) A, b=8.259(6) A, c=9.099(8) A, B =
106.35(5)°. Some of Zn?*"sites in the structure are
5-coordinated and others are 6-coordinated. The
structure is composed of layers of PO, tetrahedra
alternating with layers of Zn atoms. The sugges-
tion that the Sm and Mn dopant ions substitute
for the Zn sites in the structure is in agreement
with the observed photo-luminescence spectra
that confirm that all samarium ions are present in
3*-valence state, as shown in Figure 2.

In order to further investigate the crystalline
phase that was present in all samples, the Le Bail
method was used to compare the calculated pow-
der X-ray diffraction pattern of a-Zn,P,0,against
the experimental pattern of sample 2 and sample 8.
The resulting fit is shown in Figure 5 and the lat-
tice parameters obtained from the Le Bail calcu-
lations for sample 2 and sample 8§ are listed in
Table 3. It is evident that they are very similar
to the lattice parameters of a-Zn,P,0, but slightly
increased because of the Sm* and Mn?* doping.
Deviation of lattice parameters is associated with
different ionic radius of Sm** and Mn*".

Fig. 4. Crystal structure of a-Zn,P,0, according to Robertson et a/ [8]
The picture shows the content of a single unit cell. The phosphorous atoms are shown by small circles that are located
inside corner-sharing PO, tetrahedra, shown in grey. The zinc atoms, presented by light grey circles, occupy two dif-

ferent cites in the structure
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Fig. 5. Le Bail calculations
for sample 2 and sample §

P2 — Sm:Zn2P207
Lambda 1.5405 A, L-S cycle 141
T T

Hist 1
Obsd. and Diff. Profiles

Grey crosses show the ob-

served data points, solid grey ™ or
line represents the calculated
diffraction pattern and dif- 2
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Black vertical marks repre-
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Table 3. Lattice parameters for the crystalline phase in samples 2 and 8

Lattice parameters of
Sm?** doped Zn,P,0, (sample 2)

Lattice parameters of
Mn** doped Zn,P,0, (sample 6)

Lattice parameters of
a-Zn,P,0, from reference [4]

space group 12/c
a=20.071(2) A
b=28261(9) A
c=9.101(2) A
B=106.42(1)°

V=1447313) A°

space group 12/c
a=20.126(3) A
b=28.328(2) A
c=9.015Q2) A
B=106.07(1)°

V =1451.8(3) A

space group 12/c
a=20.068(15) A
b=28.259(6) A
c=9.099(8) A
B=106.35(5)°
V=1447.1A°
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CONCLUSIONS

In our work, we present synthesis and charac-
terisation studies of samarium and manganese doped
zinc phosphate materials, we examine the difference
between the two doped structures, and we correlate
them to the observed photo-luminescence properties.

X-ray diffraction studies of the crystalline phases
shows that they are iso-structural with o-Zn,P,O,,
where samarium and manganese ions most likely sub-
stitute for Zn?*. The lattice parameters obtained from
the Le Bail calculations for doped zinc phosphate
materials are very similar to the lattice parameters of
a-Zn,P,0,. Deviation of lattice parameters is associ-
ated with different ionic radius of Sm* and Mn*".
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CHHTE3 U XAPAKTEPUCTUKA HA IUHKOBU ®OCDATH,
JIOTUPAHM CbC CAMAPUI U MAHT'AH

I. W. Harponros!, 1. I1. Kocrosa', 3. . Croesa2, JI. T. Tonues'?

! Kameopa Xumuuna mexnonoeust, [lnoeouscku Ynusepcumem ,, [laucuii Xunenoapcru *,
4000 Ilnosous, bvreapus
2 DZP Technologies Ltd., 22 Signet Court, Cambridge CB5 8LA, United Kingdom

[ocrenuna Ha 15 depyapu, 2012 r.; mpuera Ha 6 ampui, 2012 1.

(Pesrome)

Jotupanute cbe camapuil 1 MaHTraH IUHK (GochaTHH KOMITO3UIINH Ca IOJIy4eHH Ype3 BUCOKOTEMIIEPAaTypeH CHUH-
te3 oT ZnO, NH,H,PO, n Sm,0O, (mim MnO) B onpenienieHo ChOTHOIIEHHE. VI3XOAHUTE peareHTH ca CTPUTH, CMECEHU
M CMEeCTa € TIOCTaBeHa B KepaMuueH Turel. CHHTE3BT € U3BBPIICH pu Temiepatypa oT 950 °C 3a 3 gaca B MydenHa
ner. [IpoOuTe ca oximageHn 10 cTaifHa Temreparypa U cie ToBa Temnepupanu npu 250 °C 3a 2 gaca. Jlotupanero

cbc camapuii 1 MaHras Bapupa Mexay 0,03 u 0,28 mol%.

W3BBpIIIeH € PeHTTeHOCTPYKTYPEH aHaIN3, KOWTO MOKa3Ba 4e MOoTyuyeHaTa OCHOBHA KpHCcTalHa (a3a € H30CTPYK-
TypHa ¢ 0-Zn,P,0,, B KOATO caMapreBUTE M MaHIAHOBH HOHH HAal-BEPOSITHO 3aMecTBaT YacTuyHo Zn>'. Tosa ce mo-
TBBPKABa OT MOIyYCHNUTE (POTOTYMUHECIIEHTHHU crieKTpu. OpeneneHnTe B pe3yaTaT Ha U3UNCIUTEIHUS METO Ha
Le Bail mapameTpn Ha KpucTajHaTa pemieTka Ha JOTHpaHaTa HUHK (ochaTHa KprcTamHa ¢a3a ca MHOTO OJHM3KH 10
Te3u Ha 0-Zn,P,0,. Taszu paznuka B mapaMeTpUTe Ha KPUCTAJIHATA PEIIETKA CE€ CBBbP3Ba C Pa3INuHMs HOHEH pajnyc

Ha joTupamuTe Houun Sm*" u Mn?".
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The absorption coefficient of Bi,,Si0,,:Cr+P and Bi,,Si0,,:P single crystals is measured in the visible and far IR
spectral regions. The influence of P5* ions is determined in double doped sillenite. The energy level diagram of Cr**
is produced. The Jahn-Teller effect is explained in the concrete crystals. The Racah parameters have been calculated
also. The magnitude of the composite oscillations is determined in far IR region.

Key words: doped sillenites, Jahn-Teller effect, energy level diagram, composite oscillations.

INTRODUCTION

The sillenite-type Bi,,S10,, (BSO) crystals have
applications in the dynamic holography, optical
information processing, optical phase conjugation
and real-time interferometry [1]. This is the reason
of the investigation of their optical properties. The
determination of the valence and the local symme-
try of the involved dopants in the crystal structure
is very important for optimization of the synthesis
conditions of these materials. That is why the aim
of the present work is to be presented the energy
level diagram of Cr*" in BSO:Cr+P and to be de-
termined the composite oscillations in the crystals
BSO:P and BSO:Cr+P.

EXPERIMENTAL

The investigated BSO crystals, either undoped
or doped with Cr, P and co-doped with Cr+P were
grown from stoichiometric melts Bi,0,:Si0, = 6:1
using the Czochralski method under conditions de-
scribed in detail elsewhere [2]. High purity Bi,0,,
Si0,, Cr,0, and P,O4 were used for syhthesis and
doping. The concentration of P> is 1.6x10% N/cm™
in BSO:P and the concentration of this ion is
1.13x10%° N/em™ in BSO:Cr+P. The Cr** ions are
inculcated on the co-doped crystal with the concen-
tration 8.1x10'® N/cm™'. The thickness of the samples
is as follows: dygoop=0.101 cm, dygp = 0.062 cm.

* To whom all correspondence should be sent:
E-mail: Petya232@abv.bg

The experimental set up for measurement of the
absorption coefficient in the visible region consists
of the following: a halogen lamp with a stabilized
3H-7 rectifier, a SPM-2 monochromator, a sys-
tem of quartz lenses, a polarizer, a crystal sample
holder, and a Hamamatsu S2281-01 detector. The
measurements in the far IR region are performed by
use of an IRAffinity-1Shimadzu Fourier Transform
Infrared Spectrophotometer.

The absorption spectrum is measured in the spec-
tral region 1.55-2.6 eV for BSO:Cr+P (Fig. 1a). The
energetic level diagram of Cr** ion is presented in
Fig. 2. The two-phonon absorption of BSO, BSO:P
and BSO:Cr+P is shown in the spectral region 400—
2000 cm™! (Fig. 3a and 4a). The electron-vibration-
al interaction in far IR region of these crystals is
measured in the spectral region 50006000 cm!
(Fig. 3b and 4b).

RESULTS AND DISCUSSION

The absorption coefficient is calculated using
the formula: a = (1/d)In(I/I), where I, is the in-
tensity of the incident light, I is the intensity of
the passing light and d is the sample thickness
(Fig. la). The first derivative of the absorption
coefficient at photon energy is calculated to be
in the 1.5-2.6 eV spectral region (Fig. 1b). The
[da/d(hv)] determines only the number of electron
transitions in a Cr** ion and it does not give an ex-
act information about the energy position of these
transitions. This is the reason for the calculation of
the second derivative of the absorption coefficient
[d*a/d(hv)?*] (Fig. 1c).
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Fig. 1. The absorption coefficient (a), the calculated first derivative of a(E) (b) and the second derivative of absorption
coefficient (c) for BSO:Cr+P in the spectral region 1.55-2.6 eV

The d-orbital e, is split of e,,(3) and the d-orbital
t,, 1s split of the two orbitals e, () and a,(c), when
the symmetry changes from T, to C,, [3] (Fig. 2).
The transformation of the symmetry due to the Jahn-
Teller effect. The radial parameters Ds and Dt are
conditioned by the potential V. [4]. In the case of
C,, symmetry the distance between e_,(6) and e ()
is A, =3Ds - 5Dt=129 cm™' = 0.16 eV. This is the
distance between the first and the second electronic
transition in the Cr** ion (Fig. 2). The distance be-
tween e, () and a,(c) is A, = Ds + 10Dt =299 cm™!
=0.37 eV. This is the distance between the second
and the third 3d-electronic transition in the chromi-
um (Fig. 2). The values of these two parameters are
calculated by our experiment. Thus the values of the
parameters Dt and Ds are as follow 21.94 and 79.6.
McClure [5] has determined the next parameters 66
=0,-0,=-15Ds — 1.88Dt and én =, — m =
1.5Ds + 2.5Dt. The values of these two parameters
for the complex [CrO,]* are 66 =—161 and 6m =—65
and they can be considered as indirect indicators for
the antibonding properties of 6- and - ligands. The
literature [6] informs us of the Nephelauxetic pa-
rameter = B (complex)/B (free ion). If the value of
[ is in the interval 0.54-0.81, it manifests the metal
ligand o bond. The calculation of this parameter for
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BSO:Cr+P (f = 0.4) shows that the metal ligand =
bond is done. The spin-orbit interaction splits the
state ‘T, (*F) of one sextet (J = 5/2), one quartet (J =
3/2) and one doublet (J = 1/2) (Fig. 2).

The high-frequency part of the spectrum of the
two-phonon absorption (Fig. 3 and 4) is given by
the phonons related to vibrations of [SiO,] and
[PO,]* complexes. The frequency of the two-pho-
non transition is equal to the sum or the difference
of the frequencies w; and w; of the fundamental
oscillations [7]. The oscillations of the crystal lattice
are due to oscillations of [MO,]. The tetrahedrons are
surrounded by heavy Bi atoms and this is the rea-
son for the absence of absorption structure displace-
ments. That is why Cr does not shift the position
of the absorption maxima at 1616 cm™!, 1662 cm™!,
1868 cm™ and 1934 cm™'. The Cr** ions make the
absorption maxima at 1616 cm™' and 1662 cm!
more intensive and the phosphorus removes com-
pletely these two maxima in this spectral region.
The doping of the crystal lattice with P>* ions leads
to the observation of the maxima at 1868 cm™
(965 + 903) and at 1934 cm™ (967 x 2). The Cr**
ions make these two maxima only more intensive.
The next two maxima at 1361 cm™ (680.5 x 2) and
1397 cm™! (679 + 718) are due only to the influence
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Fig. 2. The energetic level
diagram of Cr** ion
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of the phosphorus in the crystal lattice. The first
of them consists of the overtone (T,, x 2) and the
second one consists of the composite oscillations
(T, + A,)- The absorption maximum at 1260 cm™

(668 + 603) consists of the composite oscillations
(T, + F). The phosphorus completely removes
this maximum (Fig. 3a) and the chromium makes

the same maximum more intensive (Fig. 4a). The
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Fig. 3. a) Two-phonon absorption of BSO and BSO:P in the spectral region 400-2000 cm™'; b) electron-vibrational
interaction in far IR region of these crystals in the spectral region 5000-6000 cm™
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Fig. 4. a) Two-phonon absorption of BSO and BSO:Cr+P in the spectral region 400-2000 cm™'; b) electron-vibrational
interaction in far IR region of these crystals in the spectral region 5000-6000 cm .

maxima at 5508 cm™' (Fig. 3b and 4b) is deter-
mined by the two-phonon transition that is caused
by [SiO,] oscillations. The chromium and phos-
phorus shifts this maximum to the larger frequen-
cies and the values of the absorption coefficient
are lower there.

We can observe direct and indirect mechanism
of excitation of the two-phononic transitions. The
first of them is determined by the optical anhar-
monicity and the second one is determined by the
mechanical anharmonicity [8]. In the first case, the
crystal changes its state when the photon passes
through it. This state of the crystal differs from its
initial state with the energy equal to twice the en-
ergy of the photon. The two-phonon excitation for
the molecule MO, is due to an anharmonicity and
it consists of an overtone and a composite tone.
The absorption maximum at 1616 cm™' (827 + 789)
consists of the composite oscillations (T,, + A,,)
(Fig. 3a and 4a). The second absorption maximum
at 1662 cm™' (831x2) consists of the overtone os-
cillation (T, %2) (Fig. 3a and 4a). The presence of
phosphorus leads to the disappearance of these two
maxima and the presence of chromium leads to in-
creased intensity of these maxima.
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CONCLUSIONS

1. The calculations of the first and the second
derivative of a(E) give three electron transitions in
Cr** ions which are inculcated on the tetrahedral
complexes.

2. The strong Jahn-Teller effect manifests and
the tetrahedral complexes are distorted. The new
symmetry of these complexes is C,,.

3. The parameters D, and D, are determined.
This is important, because we can conclude that the
n-bond is stronger than the 6-bond in the tetrahedral
complexes. This fact is due to the presence of the
P> ions in the doped and co-doped crystals.

4. The P*" ions have strong influence on the two-
phononic transitions in the far IR region for BSO:P
and BSO:Cr+P.
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OINTUYHO BJIMSIHUE HA MOHUTE Cr** U P* BBPXY CBOMCTBATA
HA JIETUPAHU KPUCTAJIU OT Bi,,SiO,,

I1. ITetkoBa*

Llymencku Ynusepcumem ,, Enuckon Koncmanmun Ilpecrascxu*, ya. ,, Ynusepcumemcera“ Ne 1135,
9712 Ilymen, bvacapus

Ilocrprmna Ha 15 despyapu, 2012 r.; npuera Ha 20 anpui, 2012 r.
(Pesrome)
W3mepen e koeUIMEHTHT Ha MOTITbINAHE HAa €AUHUYHYN KpucTaiu ot Bi,Si0,,, serupanu ¢ dochop u qBOHHO
JeTUpaHu ¢ XpoM u ¢ochop BbB BunuMara u B gajeynara MY obnact. OnpexneneHo e BIUSHUETO Ha Honute P3' B

JBOIHO Jiernpanus crieHHT. [IpefcraBeHa e eHepreTHYHarTa quarpama Ha HuBara Ha HoHa Cr’’. OOsicHeH € epeKThT

Ha S[u-Tenep B KOHKpeTHHUTE KpHcTany. V34uncnenu ca cpiio u napamerpute Ha Paka. OnpezneneH € AUPEKTHUAT U
MHIMPEKTHUAT MEXaHN3bM Ha JABY(OHOHHOTO Morrbliane B Janeunara MY obmact.

119



Bulgarian Chemical Communications, Volume 44, Proceedings of the III'* National Crystallographic Symposium (pp. 120-123) 2012

The electron-phonon interaction in B1,,S10,, doped
with Fe**, Cr**and P>* ions
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The absorption coefficient of Bi,,Si0,,:Fe, Bi,,S10,,P and Bi,Si0,,:Cr+P single crystals is measured in the
spectral region of Urbach’s rule (2.5-3.1 eV) at room temperature. The parameters of electron-phonon interaction,
Urbach’s energy and the constants of Urbach’s rule are calculated. It is established the behavior of the donors Fe** and

Cr*" and this of the acceptor P** in Urbach’s rule region.

Key words: doped sillenites, Urbach’s rule, electron-phonon interaction, Urbach’s energy.

INTRODUCTION

The crystals Bi,,S10,, are piezoelectric, electro-
and magnetooptic materials. The optical activity,
photoconductivity and photorefractivity are a char-
acteristic for BSO and their combination allow the
use of these materials in various acousto and opto-
electronic devices (piezo sensors, space-time light
modulators etc.) [1, 2, 3, 4]. The doping of these
crystals with different impurities change their phys-
ical and chemical properties. Therefore, the elec-
tron-phonon interaction is discussed in doped BSO
and then it is compared with the same interaction in
these materials in the frame of this work.

EXPERIMENTAL

The investigated BSO crystals, either undoped
or doped with Cr, P and co-doped with Cr+P were
grown from stoichiometric melts B1,0,:Si0, = 6:1
using the Czochralski method under conditions de-
scribed in detail elsewhere [5]. High purity Bi,0,,
Si0,, Cr,0, and P,0, were used for syhthesis and
doping. The concentration of P¥*is 1.6x10%° N/cm™!
in BSO:P and the concentration of this ion is
1.13x10*° N/ecm™' in BSO:Cr+P. The Cr* ions
are inculcated on the BSO:Cr with the concentra-
tion 8.6x10' N/em™' and these ions are inculcated

* To whom all correspondence should be sent:
E-mail: Petya232@abv.bg

on the co-doped crystal with the concentration
8.1x10'" N/cm™'. The thickness of the samples is
as follows: dggp.cp= 0.101 cm, dygp, = 0.062 cm.

The Fe* ions were inculcated on the crystal lat-
tice as Fe,O, oxide. The concentration of Fe dopant
1.4x10" N/cm™ into the grown crystal was deter-
mined by flame (Zeeman 3030) and electro-thermal
atomic (Varian 240) absorption spectrometry. The
thickness of BSO:Fe is dgg, = 0.152 c¢cm and the
thickness of the undoped sample is d,, = 0.04 cm.
The experimental set up for measurement of the
absorption coefficient in the visible region consists
of the following: a halogen lamp with a stabilized
3H-7 rectifier, a SPM-2 monochromator, a system
of quartz lenses, a polarizer, a crystal sample hold-
er, and a Hamamatsu S2281-01 detector.

The experimental dependence Ina(E) for all the
investigated crystals is presented in Fig. 1. Urbach’s
rule for undoped and doped BSO in the spectral re-
gion 2.5-3.1 eV is shown in Fig. 2. Urbach’s en-
ergy for the undoped and doped Bi,,Si0,, is pre-
sented in Fig. 3.

RESULTS AND DISCUSSION

The behaviour of the absorption coefficient o has
been investigated at the absorption edge using the
Urbach’s formula Ino = A+B(hw/T), where A and
B are the constants, T is the temperature. The con-
stant B is expressed by the dependence B = a(T)/k,
where o(T) is the parameter characterizing the slope
of the absorption edge, k is the Boltzmann constant.
The value of o(T) is 0.27 for Bi,,S10,, and o(T) var-
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Table 1. The parameters which are characterized the Urbach’s rule region

sillenites

at T =300 K o G, g W, [meV] E, [meV] c,[cm?]
Bi,,Si0,, 0.27 0.27 2.47 96 301 -
Bi,,SiO,:Fe 0.32 0.32 2.08 81 239 1.83x10°18
Bi,,Si0,,:Cr+P 0.52 0.52 1.28 50 154 7.91x10"
Bi,,Si0,,:P 0.88 0.88 0.76 29 97 4.87x107"7

ies from 0.32 to 0.88 in the case of doped Bi,,Si0,,
(Table 1). The BSO:Fe has a value of ¢(T) close to
that of undoped sample. The value of the parameter
o(T) is biggest for P> ions. This is the reason for the
bigger value of this parameter for co-doped BSO.

On the other hand, we have the next equation
W, = kT/o [6]. The magnitude W, describes the
broadening of the absorption edge due to the dy-
namic disorder. When the temperature is higher, the
absorption edge is wider due to the dynamic disor-
der in the crystal lattice. W, = 96 meV for undoped
BSO and W, =29-81 meV for doped BSO (Table 1).
Therefore, we can generalize that the absorption
edge of BSO:P has smallest dynamic disorder in
the crystal lattice due to the phosphorus. Therefore
this fact, the dynamic disorder has small value in
BSO:Cr+P. The Fe*" leads to the large dynamic dis-
order in the doped sillenites. The o(T) and W, are
calculated at room temperature (T = 300 K).

The approximation of the experimental data
shows that o(T) = ¢,(2kT/hy,)th(hv,/2kT), where
hv, is the energy of the effective phonons, strongly
interacting with photons, and g, is the high tem-
perature constant [7]. The magnitude hy, for our in-
vestigated crystals corresponds to the energy hv, =

31.7 meV of the longitudinal optical phonons (@ =
257 cm™) which are observed in the IR absorption
spectra of BSO [8].

In our case, the obtained values of g, are as fol-
lows: ¢, = 0.27 (Bi,,510,,) and ¢,= 0.32 — 0.88
(doped Bi,,Si0,,) (Table 1). When we compare the
values of ¢, for our samples with the values of the
same constant, obtained in [9], we can summarize
that our undoped sillenite has a small surplus of Bi
ions in the crystal lattice.

The dependence g =2/30, determines the strength
of the electron-phonon interaction [8]. When g > 1,
the electron-phonon interaction is strong. This
strength has a highest value (g = 2.47) for undoped
BSO and g =0.76 — 2.08 for doped BSO (Table 1).
Therefore, we can conclude that the impurity ions
reduce this interaction in the crystal lattice. The
P3* ions make the electron-phonon interaction very
weak in the sillenites. Therefore the electron-pho-
non interaction is a weaker in BSO:Cr+P. On the
other hand, the Fe** ions lead to the strong electron-
phonon interaction in BSO:Fe.

The Urbach’s region for undoped BSO is almost
the same as for the sample BSO:Fe (Fig. 2). The
Urbach’s region is shifted (2.8-3.1 eV) for BSO:P

100 - o
80 - o
A
T 604 A8 oBSO
S A o BSO:P
= 2%5" 68 ABSO.CHP
E 40 N D@Q
830339 o BSO:Fe
95
3 31
Fig. 1. The experimental de-
pendence Ina(E) for all the E[eV]

investigated crystals
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Fig. 2. Urbach’s rule for
6 - y = 6.0307x - 14.219 undoped and doped BSO
R? = 0.9988 in the spectral region
5 1 Bi12Si00:Cr+P 2.53.1ev
y = 3.1009x - 5.6009
41 R? = 0.9983
2 Bi12Si02
2 34 ot
© ot
£ o i
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11 Bi{,Si0,:Fe Bi,Si0,:P
0 L] L] L] L] L}
21 2.3 2.5 2.7 29 3.1 3.3
E [eV]

and BSO:Cr+P. It is interesting that the phospho-
rus shifts the Urbach’s region to the biggest ener-
gies. Therefore the absorption edge is shifted to the
smallest wavelengths for BSO:P (Fig. 1).

The Urbach’s energy is connected with the car-
rier impurity interaction, the carrier—phonon inter-
action and the structural disorder [10]. That is why
this energy is calculated by the formula Eu = o(E)/

(do/dE). The Eu is not a constant for undoped and
Fe doped crystals in the spectral region 2.5-3.1 eV.
The values of the Urbach’s energy of the BSO:Fe
are smaller than the Eu of the BSO (Fig. 3a). The pa-
rameter E; = 1/[d(Ina)/d(hv)] is known as Urbach’s
slope [11]. We can see the values of Ejat T =300 K
in Table 1 for undoped, doped and co-doped BSO.
Next step in the calculations is the determination of

a)
< 0.45 -
>
B g4d Te0e®?
> ° o 0 ©°
£ 0.35 - ®eee 0970 ¢
@ 008 ©BSO
o 0.3- *%e, * .
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8 02- ‘e
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= 015 T T T I I !
25 255 26 265 27 275 28
E[eV]
b)
0.4 1
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> 03 :
5 0.25 4 A = BSOP
$ 0.24 A BSOCr+P
w15 ,at A A b 4L —
< " L]
§ 0.1 - " ] . . "
5 0.05 4
0 T T T T T T ,
2.8 2.85 2.9 2.95 3 3.05 341 3.15
E [eV] Fig. 3. Urbach’s energy for the un-
doped and doped Bi,,Si0,,
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the cross-section of the impurity absorption [12]. It
is very important to establish how the radiation is
absorbed by the impurity ions in the crystals. The
total cross-section o, of the impurity absorption is
defined by the integration within the absorption
band of the impurity ions

s, = (1/N) joc(E)dE,

E

where N is the number of the impurity ions in the
unit volume, o is the impurity absorption coeffi-
cient typical of an energetic interval from E, to E,.
For the investigated crystals here E, = 2.5 eV and
E, =3.1 eV. The cross-section ¢, can vary signifi-
cantly from one absorption band to another. The
value of 6, is smallest for the crystal BSO:Fe and it
is biggest for the co-doped BSO (Tablel).

CONCLUSIONS

1. The parameter ¢ has the biggest value for
BSO:P, but the electron-phonon interaction is the
lowest in this case. The dynamic disorder in the
crystal lattice is the smallest again in BSO:P. The
value of the parameter E, is the smallest for the
same crystal.

2. The acceptor P>* has the greatest impact on the
value of the cross-section o,.

3. The Urbach’s energy for BSO:Fe in the spec-
tral region 2.5-2.8 eV follows the shape of this en-
ergy for BSO. The shape of the Urbach’s energy for
BSO:Cr+P and BSO:P is the same.
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EJIEKTPOH-®OHOHHO B3ANUMOJIEIMCTBUE B Bi,,SiO,,,
JIETUPAH C MIOHUTE Fe*, Cr* U P>

I1. ITerkoBa*

Llymencku Ynueepcumem ,, Enuckon Koncmanmun Ipecnaecku “, yau. ,, Ynusepcumemcxa*“ Nel 15,
9712 lymen, bvaeapus

[MocTemuna Ha 15 depyapu, 2012 r.; npuera Ha 23 anpui, 2012 1.

(Pesrome)

W3mepeH e koe(hMLUEHTHT Ha NOIIbLIAHE HAa eAMHUYHUTE KpucTanu Bi ,Si0,,:Fe, B1,,S10,,:P u Bi,Si0,:Cr+P B
CTIEKTPAIHUS AMAAa30H Ha MPaBWIOTO Ha YpoOax (2,5-3,1 eV) npu craiina Temneparypa. M3umciaenu ca mapaMmeTpure
Ha eJICKTPOH-()OHOHHOTO B3aMMOJICHCTBHE, CHEprHATa Ha Y pOaxX ¥ KOHCTAHTUTE, yUacTBAIIHU B TPABMIIOTO Ha Y pOax.
VYcranoBeHO ¢ BimsiHEETO Ha goHopuTe Fe*' n Cr**, kakTo u ToBa Ha akuenTopa P°* B oOnactra Ha Ypoax.
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The classification of bunching of straight steps on vicinal crystal surfaces identifies two types according to the
behavior of the minimal step-step distance in the bunch / ;, with increasing the number of steps N in it. In the B1-type
/.. remains constant while in the B2-type it decreases. Both types are illustrated by new results for well-known mod-
els. The precise numerical analysis is aimed at the intermediate asymptotic regime where self-similar spatiotemporal
patterns develop. In the model of Tersoff et al. the regular step train is destabilized by step-step attraction of infinite
range. It is shown that this model belongs to the Bl-type and the same time-scaling exponent of 1/5 for N, terrace
width and bunch width is obtained. An extended set of scaling exponents is obtained from the model of S.Stoyanov
of diffusion-limited evaporation affected by electromigration of the adatoms. This model is of B2-type and shows a
systematic shift of the exponents with respect to the predictions of the hypothesis for universality classes in bunching

thus requiring further modification of it.

Key words: Vicinal crystal surface, Step-step interactions, Step bunching, Modeling and simulation, Scaling and

universality, classification.

RETROSPECTIVE

The most intensive studies of the bunching
of straight steps on vicinal crystal surfaces were
initiated by the discovery of Latyshev et al. [1] —
equally spaced steps gather in groups in result of
resistive DC-heating of Si(111)-vicinals (surfaces
of a monocrystal that are slightly deviated from the
(111)-plane and the result is sequence of straight
equidistant monoatomic steps). A theoretical ex-
planation of the phenomenon was suggested by
Stoyanov [2] who identified as source of the in-
stability the electromigration of Si-adatoms which
causes bias of the surface diffusion and thus uneven
contribution of the two terraces adjacent to a step
to its motion. In these initial years the theoretical
efforts were focused on understanding and predict-
ing the initial stages of the process — the way the
instability arises and grows further. More recently
were addressed [3—5] also the late stages of the
process when the instability is well developed and
enters into the so called intermediate asymptotic re-
gime [6] in which the surface morphology becomes
self-similar both in space and in time. The adequate
description of this regime is given in terms of scal-

* To whom all correspondence should be sent:
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ing laws which include a combination of model
parameters, length-scale(s) of the phenomenon and
time. There are several reasons for the continuing
interest in bunching studies: (i) the so called step
flow growth mode is the important one from tech-
nological point of view; (ii) bunched surfaces are
nowadays used as templates for bottom-up strate-
gies to grow nanostructures [7]; (iii) this is a clear
and very rich case of surface self-organization after
the system is driven out of equilibrium [8] and op-
posite tendencies compete — surface destabilization
due to various kinetic or thermodynamic factors op-
posed by the omnipresent step-step repulsion which
favors the equidistant step distribution.

CLASSIFICATION

The classification was introduced recently by
Staneva et al. [9]. The step bunching phenomena are
classified according to the behavior of the minimal
step-step distance in the bunch / . with increasing
the number of step N in it as shown in the Table 1.

There are several reasons that hindered formula-
tion of the classification in the years: (i) the commu-
nities that carry out active research on the two types
practically do not overlap; (ii) the property of con-
stant /_, was not explicitly recognized in the model
studies of the B1-type [10, 11]; (iii) the number of
necessary length-scales to describe the step bunch-

© 2012 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Table 1.

When increasing the number of steps N in the

.. the minimal step-step distance

Number of characteristic length-

bunch .. in the bunch /_, .. scales
Bl-type .. remains constant
B2-type .. decreases 2

ing thoroughly was not instituted firmly in the pro-
tocol for the B2-type studies. In what follows I de-
scribe briefly the computational protocol and then
present the two types with numerical results from
well-known models stressing on the new findings.
Numerical procedure. — There are two general
ways to obtain the system of ordinary differential
equations (ODE’s) for the velocities of steps. The
usual one, of extended Burton-Cabrerra-Frank type
(essentially 1D approach), is to deduce these by
rigorous considerations - solving the proper diffu-
sion equation on a single terrace with diffusion bias
entering the equation, i.e. the drift of adatoms due
to electromigration, and/or the asymmetry in kinet-
ics of attachment/detachment entering the bound-
ary conditions (BC) on the steps through unequal
kinetic coefficients. The step-step repulsion also en-
ters the BC modifying the equilibrium (reference)
concentrations used to calculate the actual devia-
tion from equilibrium. Step velocity is proportional
to the diffusive fluxes entering the step from both
terraces. Another approach is to construct velocity
equation(s) ad hoc [12]. Once a system of ODE’s
is defined it is solved numerically by a suitable

B1-type caused by step-step attraction

90

60 -

0 1x10° t 2x10° 3x10°
Fig. 1. TE-model, step trajectories as obtained when
solving numerically the equations for step velocity [10].
It is seen that when two bunches coalesce the resulting
bunch has a width being the sum of the bunch widths
before the coalescence

routine, usually fourth order Runge-Kutta but oth-
er modern integration strategies could be adopted
as well [13]. The non-trivial part of the study is to
design and implement a procedure to recognize the
evolving surface pattern and to extract the informa-
tion needed [14, 15]. Usually not less than 1000 steps
(=equations) are included in the calculation in order
to ensure smoothness of the quantities that describe
the evolution of the system. Our computational
protocol [14, 15] consists of gathering statistics
based on the step-step distances with two monitor-
ing schemes (MS) running simultaneously with the
important definition in the background of what is
bunch distance. We define a step-step distance to
be a bunch distance always when it is smaller than
the initial (vicinal) one, usually denoted by /. Other
choices are also possible[16] but these are not justi-
fied by physical considerations. The first monitor-
ing scheme, MS — I, is designed to follow the tem-
poral evolution of the system. It calculates at every
time step of the integration the number of bunches
in the system and then the average number of steps
in bunch N, the average bunch width L,, average
terrace width between bunches TW, etc. plus an
individual quantity — the global minimal step-step
distance in the system / , .. These quantities are
written in files versus time. The second monitoring
scheme, MS - II, cumulates separately information
for any bunch size — average bunch width L,, aver-
age minimal step-step distance in the bunch /__ , first
and last step-step distances /, and [, see Figures 1
and 6 for some definitions, that would appear dur-
ing the whole simulation and at every time step this
information is updated and written in files versus
the bunch size. Thus at every time step integral in-
formation is available from MS - 11 that reflects the
whole surface evolution up to this moment. The co-
incidence of the results from the two schemes for a
matching dependence as the bunch width vs. bunch
size is considered non-trivial and mutual validation
of the two schemes, see Figure 7. Mostly used are
the N vs. time dependence from MS — I (plus bunch
width L, vs. time when studying B2-type) and /
vs. N from MS — II. The combination of the two
schemes could be used also for structuring the data
from experiments in order to plot it in the same co-
ordinates as the data from calculations and make a
direct comparison.

125



V. Tonchev: Classification of step bunching phenomena

B1-type caused by step-step attraction 1//m,n
3] P S
(]
Qo
o
w
2
1
0_ - 1 — | I b ———J —J 1 1= [
T T coalescing bunches ? T
T T T T T
400 600 x 800

Fig. 2. TE-model, surface profile (inverse of the step-
step distances) for well-developed instability. The width
of the ‘peaks’ is the bunch width L. Interesting dynamic
phenomenon is observed — when two bunches coalesce
the slope of each is lower from the side of the other bunch
(the double arrows from the bottom)

Bl-type — Examples for experimental systems
that show Bl-type step bunching are the Si(113)
surface, high temperature annealing of TaC(910)
[17], vicinal Ag(111) in electrolyte [18], etc. I will
illustrate this type with results from the model of
step bunching due a step-step attraction of infinite
range, proposed by Tersoff et al.[10], we will call
this TE-model. The other limiting case of zero-
range step-step attraction called ‘sticky steps’ was
introduced quite recently [19, 20] and the surface
slope behavior in this model is still under investiga-
tion. The physical origin of the step-step attraction
in the TE-model is identified as the strain cumu-
lated during heteroepitaxial growth which remains
uncompensated at the steps and forms force mo-
nopoles. As a result instability develops mediated
by mass diffusion which breaks the equidistant step
distribution, thus being a vicinal analogue to the
Asaro-Tiller-Grinfeld instability [8]. The equations
for step velocity are published[10] and here only a
comment is provided instead — this model and two
more [12, 21] have a specific property of the equa-
tions, namely, they consist of two mathematically
identical terms with opposite effect, destabilizing
and stabilizing, and with different notation of the
parameters. The second term introduces the effect
of the omnipresent step-step repulsion and the first
one — the effect of the emerging step-step attraction.
In the original model of Tersoff et al. [10] the energy
of step-step repulsion decays inversely proportional
to the square of the step-step distance and the energy
of step-step attraction increases with the logarithm
of the step-step distance — the bigger is the distance
between the steps, the larger is the uncompensated
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Fig. 3. TE-model, MS-II, the minimal step-step distance
in the bunch, measured in units of initial vicinal distance
/, is not function of the number of steps in the bunch N
and thus the model is attributed to the B1-type

strain. The results are obtained with same values of
the parameters: a, = 10 (destabilizing), a, = 1 (sta-
bilizing), the first one contains the magnitude of the
step-step attraction and the second one — the magni-
tude of step-step repulsion. In Figure 1 are plotted
the step trajectories and some of the elements of the
monitoring schemes are marked. Figure 2 contains
data on the surface profile for well-developed insta-
bility — as seen the slope is constant along the sur-
face while on Figures 3 and 4 it is seen that the slope
does not change with the increase of the bunch size
N and in time. Figure 4 demonstrates that only one
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N, the terrace width TW and the bunch width L, share
the same time-scaling exponent of 1/2, hence only one
length-scale is needed what is typical for the Bl-type.
Data from several runs are used
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time-scaling exponent is found for three different
quantities — N, terrace width and bunch width and it
is 1/5, different from 1/4 as found by Tersoff et al.
[10]. The reasons for this difference are still unclear
and subject to further studies.

B2-type — Some typical examples for experi-
mental systems that show B2-type of step bunch-
ing, besides the most studied one — that of evaporat-
ing Si(111)-vicinals [1], are the KDP crystal growth
[22, 23] and SiC epitaxial growth [24] although the
latter shows quite rich bunching behavior and at-
tribution to the B1-type is also possible after careful
analysis of the experimental data using our system-
atic approach. I will illustrate this type with results
on the model of diffusion limited vicinal evapora-
tion already studied by Stoyanov and Tonchev [3]
(called here EvEm-model) and the reason for this
revisit is that the original study was restricted by
the computational power at that time to the method
of single bunch. Later on specially designed experi-
ments [25] have shown that the process of Si(111)
vicinal evaporation is actually controlled by the dif-
fusion of the Si-adatoms on the terraces rather than
by the attachment/detachment kinetics at the steps
as suggested by a later study [16]. Very recently
sophisticated experimental setup was developed
[26] that would permit to study the time depend-
encies describing thoroughly the bunching process.
As usually, systematic numerical studies play im-
portant role in planning experimental strategy and
understanding its results.

The equations for step velocity are rather com-
plex [3] and I will not adduce them here. Also, the
original values of the parameters are preserved and
only the parameter that contains the magnitude of
the step-step repulsion is increased approximately
thrice in order to permit faster computations. The
reason is that in the method of single bunch used [3]
one deals with systems of maximum 60-70 equa-
tions (steps) while in the present computation are
included 1000 steps. The initial vicinal geometry
comprises steps randomly deviated from their equi-
distant positions in order to permit development of
the instability in a way similar to the real one. As
for the previous, TE-model, these calculations in-
clude only the value n=2 from the step-step repul-
sion law, i.e. the repulsion energy decays with the
inverse square of the step-step distance. The bunch-
ing process in the EVEm model is illustrated qualita-
tively by the step trajectories, Figure 5, and surface
slope, Figure 6, and quantities that are monitored
are marked.

Next are shown the studies of the size-scaling
(MS-1I), first of the bunch width L,, Figure 7, and
then of the minimal, first and last step-step distance,
Figure 8. Together with the studies of the time-scal-
ing (MS-I) of the relevant quantities, Figure 9, these

250 4
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evaporation

2x10° 6x10° 8x10°

4x10° ¢

Fig. 5. Step trajectories in the model of diffusion limited
vicinal evaporation affected by electromigration of the
adatoms (EvEm-model). Every step moves in the up
direction mediating the vicinal surface evaporation. It is
well seen how bunches split in two
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Fig. 6. EvEm-model, surface profile for well developed
instability. With arrows are shown the places where
appear some of the quantities used by the monitoring
schemes. The higher slope is in the bunch with more
steps (the right one), hence B2-type

scaling exponents form a set that could be compared
with the predictions of the universality classes in
bunching hypothesis [16, 27]. Here I will only stress
that the comparison leads to the following conclu-
sion: the set of obtained exponents with n=2, corre-
sponds to the originally predicted for n=0 and thus
is systematically shifted down in » with 2. There
is still no explanation for such a shift and thus the
present results are a challenge for further modifica-
tion of the continuum equation which reflects the
hypothesis of universality.
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B2-type caused by electromigration
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Fig. 7. EvEm-model, bunch width L, versus number of
steps N from both monitoring schemes. The slope of the
guiding-eye line corresponds to size-scaling exponent of
1/3 (note the log-log character of the plot)
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Fig. 8. EvEm-model, MS-II, bunch distances - minimal,
first and last, versus number of steps N as obtained from
MS-II. The slopes of the guiding eye lines correspond
to size-scaling exponents of —2/3, —1/2 and —1/3 corre-
spondingly. Note that also the last bunch distance de-
creases when N increases

Further comment on the results in this subsec-
tion is needed concerning the time-scaling exponent
of the globally minimum step-step distance which
is —1/3 as shown on Figure 9. The same exponent
could be obtained if plugging in ¢ instead of N
(time-scaling of N, shown on Figure 6) in the size-
scaling relation of /___ (as found on Figure 8):

min

—2/3 1223 13
Ly ~ N7~ ()7 ~1

m
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slopes of guiding-eye lines correspond to time-scaling
exponents of 1/2, 2/3, 1/6 and —1/3, respectively

Thus one could argue that only the resulting
scaling is enough to describe the spatiotemporal
evolution of the vicinal surface but I will show in a
subsequent study that the scaling above is invariant
across two different B2-type models while the other
scaling relations — in particular the size-scaling of
/.. and the time-scaling of N still distinguish unam-

biguously between the models.

PERSPECTIVE

The nearest future of our computational studies
of step bunching phenomena is to find the exact
time-scaling of the number of steps in the bunch
N, including the pre-factor, for the three models
of Bl-type available, all these having mathemati-
cally identical stabilizing and destabilizing terms
in the equations for step velocity. As a prelimi-
nary study shows [21] namely the time-scaling of
N could distinguish between the models and thus
serve as a reference frame to plan, carry and un-
derstand experiments. In progress are also stud-
ies of three models of B2-type: diffusion and
attachment-detachment limited evaporation af-
fected by electromigration of the adatoms and a
minimal model called MMO which has the same
destabilizing part in the equation(s) for step mo-
tion as in the latter but the stabilizing part is re-
stricted to depend only on the widths of the two
adjacent to the step terraces. Third direction of
our studies comprises models that would eventu-
ally lead to what we now call B2m-type — simul-
taneous bunching and meandering (the steps are
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no more straight but wavy or meandered), which
phenomenon is still anti-paradigmatic in a sense
that in the paradigm the preconditions for bunch-
ing — normal Ehrlich-Schwoebel effect in (vici-
nal) evaporation or inverse Ehrlich-Schwoebel ef-
fect in (vicinal) growth, and meandering — normal
Ehrlich-Schwoebel effect in growth or inverse
Ehrlich-Schwoebel effect in evaporation cannot
be realized simultaneously (downstep electromi-
gration of the adatoms destabilizes both growing
and evaporating vicinal surfaces). Nevertheless,
there is sufficient experimental evidence both on
metal [28, 29] and semiconductor [30] vicinal
surfaces for simultaneous bunching and meander-
ing although the instability scenario is somewhat
different. The bunches of B2m-type are expected
to have their minimal step-step distance (largest
slope) in the beginning of the bunches [14] rather
than in the middle as seen on Figure 6 for the B2-
type. Quite recently similar type of behavior was
reported [31] in a KMC study of evaporating vici-
nal surface of GaN(0001).
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KITACUOUKALIMA HA ABJIEHUATA HA I'PYIIMPAHE

B. Tonues
Hucmumym no @usuxoxumus, bPvieapcka Akademus na Hayxume, 1113 Cogus, Bvacapus
Iloctpnmna ua 20 mapr, 2012 r.; npuera Ha 15 maii, 2012 1.
(Pesrome)

Knacngukanusra Ha rpynupaHeTo HAa TMPaBH CTHIANA BbPXY BUIMHAIHHU KPUCTAIHHU MTOBBPXHOCTH 000c00sBa
JIBa THUIIA CTIOpE] TIOBEICHNETO Ha MHHUMAIHOTO PAa3CTOSHUE B Tpynara /[, ¢ HapacTBaHe Ha Opos cThHaia B Hes V.
B Bl-tuma [, octaBa mocTostHHO 10KaTo B B2-Tuma To HamaisBa. J[BaTa THMA ca WIIOCTPHUPAHH C HOBU PE3yJITaTH
332 M3BECTHU MOAENH. TOYHHAT YHCIIEH aHAIN3 € HACOYCH KbM PeXrMMa Ha MEKAWHHA aCHMIITOTHKA, B KOWTO ce
(hopMupaT caMomo00HN TPOCTPAHCTBEHO-BPEMEBH CTPYKTYypHu. B Mozena Ha Tepcod m cbTp. mopeanmara paBHO-
OTHAJIEYCHH CTHIIANIA € JecTa0MIN3NpaHa OT MEX/IyCThIIAIHO IPUBINYaHe ¢ Oe3kpacH 00xBaT. [lokazaHo e, ue To3u
MOJIeN IpUHAIICKH KbM B1-Trma u crenenTa 1/5 e momydena 3a BpeMeBOTO MOBEICHUE Ha IV, IMUpUHATA Ha Tepacara
MEXIy TPyNUTEe U MINpUHATa Ha caMHTe Tpynu. EfqHa pasmupena mopeanIia oT CTeTeHH € MoydeHa 3a Mojena Ha C.
CrosiHOB Ha M(y3HOHHO-KOHTPOJIMPAHO M3IIApPEHHE, TOBINIHO OT EIEeKTPOMHUTpAIHS Ha agaToMuTe. To3u Mozeln e
oT B2-Tum u moka3Ba cucTeMaTHdYHO OTMECTBAHE Ha CTETIEHUTE CIIPSIMO NPECKA3aHMUITA Ha XUIIOTE3aTa 3a KI1acOBE
Ha YHHBEPCAJIHOCT B TPYNHPAHETO, KOETO HAlara Mo-HaTaThIIHA 1 MOAU(DHUKALINS.
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Parawollastonite (wollastonite-2M polytype) from the skarns in Zvezdel pluton,
Eastern Rhodopes — a single crystal study

Y. Tzvetanova*, M. Kadyiski, O. Petrov
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The wollastonite polytype in three samples from different zones of skarns in Zvesdel pluton was determined by
single-crystal XRD structure refinement. The studied wollastonite crystals are nearly pure CaSiO, but containing a
few tenths of FeO wt.% (determined using microprobe analysis). The structure refinement confirmed the monoclinic
symmetry of the studied samples (space group P2,/a and unit cell parameters a = 15.413(17) A, b =7.336(5) A, c =
7.070(3) A, p = 95.24(5)° for the crystal from the plagioclase-pyroxene-wollastonite+garnet zone; @ = 15.409(7) A,
b=17.320(3) A, ¢ =7.063(2) A, p = 95.36(3)° — wollastonite from the plagioclase-pyroxene-wollastonite zone, and
a=15.3770(11) A, b=7.2990(4) A, c = 7.0491(5) A, B = 95.340(6)° — wollastonite from the plagioclase-pyroxene-
wollastonite+epidote zone). The latter structure was refined to R, = 0.0521 and R, = 0.0754 using 1970 unique
reflections. The Si—O bond lengths vary between 1.580(3) and 1.667(3) A (mean 1.624 A), Ca—O bond lengths be-
tween 2.251(3) and 2.662(3) A (mean 2.390 A), and the Si—O-Si angles are 140.03(17), 139.39(18), and 150.81(18)°
(mean 143.31°).

The proved monoclinic wollastonite (wollastonite-2M) is regarded as a higher temperature polytype with respect
to the triclinic one. The presence only of the wollastonite-2M polytype in the studied skarns indicates longer duration
of the thermal influence at the contact of carbonate xenoliths with monzonite magma or could be a result of an external
stress, which is probably the stretching of the crystals due to differences in the thermal expansion coefficient of wol-
lastonite with respect to the surrounding matrix.

Key words: skarn, wollastonite-2M, single crystal X-ray diffraction.

INTRODUCTION A series of natural polytypes have been reported

) i . [3-11] with different packing arrangements of the
Wollastqnlte (CaSi0;) occurs 1n two struc- single chains: triclinic polytypes (1T, 3T, 4T, 5T,
turally  different  forms: hlgh—gemperature 7T) and monoclinic parawollastonite (wollastonite-
a-wollastonite stable above ca. 1150 °C and Iow-  onf) The structure of wollastonite-1T was deter-
temperature B—wollastonlte. that is the common .4 by Mamedov and Belov [5] and refined by
CaSiO;-polymorph found in crustal rocks. The  pyerger and Prewitt [6], and Ohashi and Finger [3];
low-temperature wollastonite contains dreier sin- ¢ ohe of wollastonite-2M was solved by Tolliday
gle chains, i.e. chains with three [SiO,]-tetrahedra [7], Trojer [8], Ohashi [4], and Hesse [9]. The struc-
in the repeat unit (pyroxenoid type). The chains {06 of the higher polytypes 3T, 4T, 5T and 7T
are linked to three columns of Ca-centred octa- oo described by Henmi et al. [10] and Henmi et
hedra. Because of the size mismatch of the tetra- ;) 1117, The structural difference between triclinic
hedral repeat units and the octahedral bands, the  yjastonite and monoclinic parawollastonite has
tetrahedra are tilted to accommodate their apices  paep interpreted to be due to different modes of
to the octahedral apices [1-4]. Both chains and  gackine along the direction of the a-axis. These
bands run parallel to the b-axis. forms are not easily distinguishable except by sin-
gle-crystal XRD refinement, since they differ only
in the reflexions with k£ odd, which are always weak
[7]. The structural state of wollastonite is a useful
petrogenetic indicator for the deformation and cool-
* To whom all correspondence should be sent: ing history of a rock. The aim of this Study is to
E-mail: yana.tzvet@gmail.com identify the polytypic modification of wollastonite
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from different skarn zones and to interpret its oc-
currence at Zvezdel-Pcheloyad ore deposit (Eastern
Rhodopes, Bulgaria).

MATERIALS

The studied wollastonite crystals were col-
lected from zoned skarn nodules included in mon-
zonites of the Zvezdel pluton. The following zones
are determined from the proximal parts of the
nodules towards the contact with the monzonites:
garnet, pyroxene-garnet, plagioclase-pyroxene-
wollastonite+garnet (P1-Px-W-Gt), plagioclase-
pyroxene-wollastonite (P1-Px-W), plagioclase-py-
roxene-wollastonite+epidote (Pl-Px-W-Ep), and
plagioclase-pyroxene. Wollastonite, clinopyrox-
ene, plagioclase, calcite, and grossular-andradite
garnet are the major constituents of the wollas-
tonite-bearing zones. Quartz is a subordinate phase
and the associated minor minerals include epidote,
prehnite, and chlorite. Titanite, apatite and mag-
netite are present as accessories.

The wollastonite-bearing zones exhibit massive
or banded fabrics (Fig. la, b, ¢) with no visible
preferred orientation of the crystals. The content
of wollastonite averages 25-30%, but locally at-
tains 70%. Wollastonite occurs mainly as nodular
aggregates or forms prismatic grains up to about 3
mm in length along b (Fig. 1d, e, f). Wollastonite

displays an overlapping composition among the
three zones. It is nearly pure CaSiO, typically con-
taining a few tenths of FeO wt.% (determined with
microprobe analysis).

EXPERIMENTAL

Three wollastonite crystals from the zones PI-
Px-W-Gt, PI-Px-W, and PI-Px-W-Ep were selected
for single-crystal XRD study. The specimens used
in this study have prismatic habit, 0.2—0.3 mm long
(along b), and cross sections of 0.1-0.2 mm. The
crystals were mounted on glass fibres and measured
on an Oxford diffraction Supernova diffractometer
equipped with an Atlas CCD detector. X-ray data
collection was carried out at room temperature with
monochromatized Mo-Ka radiation (A= 0.71073 A).
Data collection strategy was chosen for 100% com-
pleteness and redundancy of 4. Data reduction and
analysis were carried out with the CrysAlisPro pro-
gram [12]. Lorentz and polarization corrections were
applied to intensity data using WinGX [13]. Reliable
model with satisfactory R-values was obtained using
the P2 /a space group and it was chosen for the refine-
ment. Starting atomic coordinates were taken from
[9]. Structure refinements were performed using the
program SHELXTL [13], employing neutral atom
scattering factors. At the final stage of refinement,
anisotropic temperature factors were introduced.

Fig. 1. Hand specimens of wollastonite-bearing skarn zones showing banded and massive texture (a—c);
Photomicrographs (plane polarised light) showing wollastonite crystals of: (d) plagioclase-pyroxene-wollastonite-
epidote skarn zones, (e) plagioclase-pyroxene-wollastonite-garnet zone; and (f) plagioclase-pyroxene-wollastonite
zone. Woll — wollastonite, Px — clinopyroxene, Gt — garnet.
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RESULTS AND DISCUSSION

The results after the refinement confirmed the
monoclinic symmetry of the studied samples with
space group P2,/a (Fig. 2). The final refinement
unit cell dimensions are presented in Table 1.

The structure of a crystal selected from the
P1-Px-W-Ep zone was refined to R, = 0.0521 and
R, = 0.0754 using 1970 unique reflections. The
experimental details are given in Table 2. Final
atomic coordinates and thermal displacement pa-
rameters are listed in Tables 3 and 4. The Si—O
bond lengths vary between 1.580(3) and 1.667(3) A
(mean 1.624 A), Ca—O bond lengths are between
2.251(3) and 2.662(3) A (mean 2.390 A), and
Si—O-Si angles are 140.03(17), 139.39(18) and
150.81(18)° (mean 143.31°) (Table 5). The re-

sults are in good agreement with those obtained
by Hesse [9] and Ohashi [4].

Wollastonite-2M polytype was established for all
wollastonite-bearing zones in the skarns at Zvezdel.
This polytype is regarded as a higher temperature
polytype with respect to the triclinic one [e.g. 10,
14]. Interesting results were reported by Henmi et al.
[10]. The authors studied wollastonites from zoned
skarns, which were formed around andesite dike at
Kushiro, Hiroshima Prefecture, Japan and deter-
mined 1T, 2M, 3T, 4T, and 5T polytypes. The ratios
of 2M to 1T in the skarns decrease gradually with
increasing distances from the dike, and that 3T, 4T
and 5T polytypes were found only at localities where
both 1T and 2M exist. Mazzucato and Gualtieri [14]
studied experimentally the wollastonite polytypes
in the system CaO-SiO, in the temperature range

Table 1. Unit cell parameters of the studied samples

Sample wollastonite from wollastonite from wollastonite from
Parameter PI-Px-W-Gt zone PI-Px-W zone PI-Px-W-Ep zone
a[A] 15.413(17) 15.409(7) 15.3770(11)
b[A] 7.336(5) 7.320(3) 7.2990(4)
c[A] 7.070(3) 7.063(2) 7.0491(5)
p1°] 95.24(5) 95.36(3) 95.340(6)
VA3 796.0(7) 793.2(7) 787.68(9)

Fig. 2. Polyhedral model of the crystal structure of wollas-
tonite-2M showing the stacking sequence of the a [(100)
module] slabs (crystal from the P1-Px-W-Ep zone)

Table 2. Experimental details for wollastonite-2M
from the P1-Px-W-Ep zone

Ne of reflections 6826
R, 0.0541
R 0.0446
h min -20

h max 19

k min -9

k max 10

[ min -9

[ max 8

theta min [°] 3.75
theta max [°] 29.68
unique reflections 1970
Ref. F > 4sigF 1290
Ne of parameters 131

R, 0.0521
R 0.0754
GooF 1.081
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Table 3. Atomic coordinates, U,

the PI-Px-W-Ep zone

180

(U,,) parameters and occupancies for wollastonite-2M from

Label X y z U, orU, Occ.
Sil —0.69845(7) 0.12375(16) —0.44502(14) 0.0107(3) 1
Si2 —0.59235(7) —0.15867(15) —0.23179(15) 0.0101(3) 1
Si3 —0.59227(7) 0.40752(15) —0.23147(15) 0.0105(3) 1
Cal —0.59925(6) —0.12739(15) —0.74079(11) 0.0117(2) 1
Ca2 —0.60095(5) 0.37808(15) —0.73757(11) 0.0119(2) 1
Ca3 —0.74879(5) —0.37530(17) —0.02460(11) 0.0109(2) 1
0Ol —0.6527(2) —0.1142(5) —0.0375(4) 0.0143(6) 1
02 —0.6510(2) 0.3645(5) —0.0365(4) 0.0146(6) 1
03 —0.4912(2) —0.1210(5) —0.2326(4) 0.0150(6) 1
04 —0.7856(2) 0.1246(5) -0.3011(4) 0.0143(6) 1
05 —0.7008(2) 0.1259(5) —0.6727(4) 0.0123(6) 1
06 —0.4903(2) 0.3720(5) —0.2350(4) 0.0162(6) 1
o7 —0.6355(2) 0.3033(4) —0.4073(4) 0.0147(6) 1
08 —0.63592(19) —0.0552(4) —0.4087(4) 0.0143(6) 1
09 —0.6082(2) —0.3755(4) —0.2759(4) 0.0202(7) 1

Table 4. Anisotropic displacement parameters for wollastonite-2M

(sample from the PI-Px-W-Ep zone)
Label Ull U22 u33 U23 Ul3 ul2
Sil 0.0093(6) 0.0122(5) 0.0114(6) 0.0000(4) -0.0044(4) 0.0004(5)
Si2 0.0062(6) 0.0139(7) 0.0105(6) 0.0002(4) ~0.0021(4) 0.0002(4)
Si3 0.0061(6) 0.0140(7) 0.0117(6) 20.0002(4)  —0.0024(4)  —0.0004(4)
Cal 0.0147(4) 0.0133(4) 0.0074(4) ~0.0015(5) 0.0045(3)  —0.0020(5)
Ca2 0.0104(5) 0.0131(4) 0.0125(4) 0.0025(3) -0.0032(3)  —0.0028(3)
Ca3 0.0070(5) 0.0115(4) 0.0148(4) 0.0006(3) ~0.0048(3)  —0.0002(3)
o1 0.0099(16)  0.0200(15)  0.0127(14) 0.0023(15) 0.0001(11)  0.0044(15)
02 0.0119(16)  0.0190(14)  0.0126(14) 0.0009(15) 0.0003(11)  —0.0031(16)
03 0.0072(15)  0.0165(13)  0.0221(16) 0.0016(17)  —0.0048(12)  —0.0003(17)
04 0.0113(16)  0.0176(13)  0.0140(15)  —0.0004(13)  —0.0013(12)  0.0004(14)
05 0.0097(15)  0.0139(12)  0.0138(14) 0.0004(13)  —0.0038(11)  —0.0035(14)
06 0.0061(15)  0.0179(14)  0.0246(16) 0.0007(17)  —0.0015(12)  0.0008(18)
07 0.0137(17) 0.0135(13) 0.0174(16) —0.0012(11) —0.0032(12) —0.0032(12)
08 0.0131(16) 0.0152(13) 0.0151(15) 0.0033(11) —0.0053(12) 0.0043(12)
09 0.0216(17) 0.0116(13) 0.0294(17) —0.0009(13) —0.0134(13) 0.0002(13)

700-1000 °C using in situ synchrotron X-ray pow-
der diffraction data for determination of the kinet-
ics of phase transformation. The authors observed
the following reaction sequence of crystallisation of
the CaO-Si0, parent glass: 1T-wollastonite forms
first and progressively transforms in an intermedi-
ate 1Td-wollastonite metastable disordered form.
Both phases in turn transform into 2M-wollastonite
polytype at 950-1000 °C.
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The presence only of a higher temperature poly-
type (wollastonite-2M) in the studied skarn samples
could be interpreted as a result of a longer duration
of thermal influence at the contact of carbonate xe-
noliths with monzonite magma by infiltration of
hot fluids that were derived during the crystallisa-
tion of the pluton. The crystallisation temperature
of the second monzonite phase of the Zvezdel plu-
ton according to the two-feldspar geothermometer
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Table 5. Si-O bond lengths [A], Ca—O bond lengths [A], and Si-O-Si angles [°] for polyhedra of
wollastonite-2M (sample from the P1-Px-W-Ep zone)

Si-O bond Distance [A] Ca - O bond Distance [A]
Sil—04 1.604(3) Cal - 06 2251(3)
Sil - 05 1.608(3) Cal - 03 2.283(3)
Sil - 08 1.656(3) Cal - Ol 2319(3)
Sil - 07 1.667(3) Cal - 08 2.414(3)
mean 1.634(3) Cal - 05 2.436(3)
Si2—-03 1.580(3) Cal — 04 2.530(3)
Si2-01 1.613(3) Ca2 - 06 2301(3)
Si2 - 09 1.634(3) Ca2-02 23113)
Si2 - 08 1.653(3) Ca2 - 03 2347(3)
mean 1.62003) Ca2-07 2.404(3)
Si3— 06 1.586(3) Ca2-05 2.415(3)
Si3-02 1.605(3) Ca2 - 04 2.501(3)
Si3 - 09 1.637(3) Ca3 -0l 2325(3)
Si3-07 1.644(3) Ca3 - 05 2339(2)
mean 1.618(3) Ca3-02 2.345(3)
Si-O-Si angle Angle [] Ca3 - 04 2.406(3)
Si3-07-Sil 140.03(17) Ca3 -0l 2.408(3)
Si2-08-Sil 139.39(18) Ca3-02 2.418(3)
Si2—09-Si3 150.81(18) Ca3 - 09 2.662(3)

is estimated at about 675 °C [15]. The occurrence of
wollastonite+plagioclase assemblages in the skarn
zones indicates that the temperature was in excess
of 600 °C [16] during the formation of early anhy-
drous minerals in the skarns. This temperature sup-
plies the energy needed for the shift of the tetrahe-
dral chains by 1T—2M polytype transition in wol-
lastonite. This is possible through breaking Ca—O
bonds bridging the chains with the 2M-polytype
remaining stable during cooling of the system in
the late stages of the skarn processes. Swami and
Dubrovinsky [17] observed indications of Ca—O
bonds breaking by 1T—2M polytype transition in
Raman spectra. The estimated lower temperature of
formation of wollastonite-2M polytype compared
to the experimentally obtained results [14] could be
interpreted as due to other factors like inhomoge-
neity of the rock, the chemical composition of the
protolith and the fluid.

These polytype transformations have been ex-
plained as a result of deformation under conditions
of shear stress or strain by some authors [18-21].
Guggenheim [19] stated that a combination of sev-
eral processes may be necessary to produce the peri-
odic faulting that yield polytypes with a repeat unit
along [100] greater than one. During the field obser-
vation we could not find evidence for shear stress at

the time of formation of that polytype, but we can-
not exclude the possibility that the shear displace-
ment leading to the formation of wollastonite-2M
could be a result of an external stress. The latter ex-
plains the stretching of the crystals due to difference
in the thermal expansion coefficient of wollastonite
with respect to the surrounding matrix.
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ITAPABOJIACTOHUT (ITOJIUTUIT BOJIACTOHUT-2M) OT CKAPHUTE
B 3BE3/JIEJICKWA IUIYTOH, U3TOYHU POAOIINA - MOHOKPUCTAJIHO
PEHTI'EHOCTPYKTYPHO U3CJIEABAHE

4. LiseranoBa, M. Kanuiicku, O. [lerpos

Hucmumym no munepanoeus u kpucmanozpaghus, bvieapcka akademus na naykume,
ya. ,,Akao. I'eopeu bonues ™, on. 107, 1113 Cogus

[ocremmna va 20.06.2012 r.; mpueta Ha 09.07. 2012 1.
(Pesrome)

CTpyKTypHHUTE Pa3IUKH MEXIY IMOJUTHIINTS HAa TPUKIMHHUS BOJACTOHUT M MOHOKJIMHHUS ITapaBOIACTOHHUT Ce
CBCTOSIT B pa3IMYHMS HAYMH HA MMOJpenda Ha MUPOKCCHOMIHUS THI BEPHUTH IO MOCOKa Ha g-ocTa. Tesnm popmu ca
TPYAHO Pa3IMINMH, OCBEH C MOHOKPHCTAITHA PSHTTCHOBA TU(PPAKTOMETPHS, THil KaTO CE pa3myaBaT caMmo o pedure-
KCUTE ¢ K-HEeUETHO YUCII0, KOUTO OOMKHOBEHO ca MHOTO Clladu.

C MOHOKpHCTaTHA PSHTICHOBA AH(PPAKTOMETPHS € MU3CICIBaHA TOIUTUIINITA Ha BOJACTOHHUT OT TPH Pa3INIHU
CKapHOBH 30HH OT 3BE3ICJICKUS IUTYyTOH. XUMHYHHUAT CHCTaB HA M3CICIBAHUTE MOHOKPHCTAIM C€ NOOJMKaBa 10
uneannus — CaSiO;, KaTo JaHHUTE OT PEHTI€HOCIEKTPAIHU MUKPOAHAIN3 IOKa3BaT HE3HAUUTENIHO IIPUCHCTBUE HA
FeO (0,n Tern.%). CTpykTypHHUTE YTOYHEHUS MOKa3BaT MOHOKIMHHA CHMETPHS Ha aHAIM3UPAHUTE BOJACTOHUTOBU
KpHcTanu (MpocTpaHCTBeHa Tpyna P2 /a v mapaMeTpH Ha elleMeHTapHaTa kietka a = 15.413(17) A, b = 7.336(5) A,
c=7.070(3) A, = 95.24(5)° 3a BOTAaCTOHMTA OT 30HATA TIATHOK/IA3-TIHPOKCEH-BOTACTOHUTHTpanaT; a = 15.409(7) A,
b=173203) A, c =7.063(2) A, = 95.36(3)° — o 30HaTA MIArHOKIA3-MUPOKCEH-BONACTOHUT, U a = 15.3770(11) A,
b =17.2990(4) A, ¢ = 7.0491(5) A, B = 95.340(6)° — 0T 30HaTa MIATMOKJIA3-MUPOKCEH-BONACTOHUT+emuA0T). [Ipn
paduHanuMsATa Ca JOCTUTHATH Y/IOBIETBOPUTENHH CTOMHOCTH Ha R, = 0.0521 u R, = 0.0754. Bpb3kure Si-O Bapu-
par mexay 1.580(3) u 1.667(3) A (cpenno 1.624 A), nbmxunata na Bpb3kute Ca—O — Mexay 2.251(3) n 2.662(3) A
(cpemno 2.390 A), a romre Mexmy Si-O-Si ca 140.03(17), 139.39(18) u 150.81(18)° (cpemno 143.31°).

ITo excriepuMeHTaTHA TaHHE MOHOKJIMHHATA MOAM(UKAIINS BOIACTOHUT-2M ce orpenens KaTo IO-BHCOKOTEM-
TIepaTyPHHUS TIOJUTHII TI0 OTHOIIICHHE HA TPUKIMHHUSA. [[pUCHCTBHETO caMO Ha MOHOKIMHHUS TIOJHUTHI BHB BCHUKH
CKapHOBH 30HU (HE3aBHUCHMO OT TSAXHATa OTAAJICUYCHOCT OT MOHIIOHHUTA) OM MOTJIO Ja C€ OOSICHHU C MO-TIPOABIDKUTEI-
HOTO BpEMETpacHe Ha TEPMHUYHOTO BIHMSHHC Ha MOHIIOHHTOBAaTa MarmMa Ha KOHTAaKTa ¢ KapOOHATHHUTE KCCHOIHTH.
BB3MokHO € 00pazyBaHETO My Jia € pe3yNITaT U OT BHHIITHU HANIPES)KCHHS, BH3HUKBAIIU TIPH pacTeka Ha KPUCTAJIHTE,
TOopay Pa3IinKy B TEPMUYHIS KOC(PUIIMCHT Ha pa3lIpPeHHE Ha BOJIACTOHHTA IO OTHOIICHUE Ha 3a00WKasIIaTa ro
MaTpHIa [0 BpeMe Ha MIPOTPECUBHUS €Tall Ha METACOMATHYHUS TIPOIIEC.
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New perovskite-based compounds with general formula PbBaFe, Mn O, (0<x<1.5) were synthesized by sol-
id-state reaction under argon atmosphere. The compounds were characterized by X-ray powder diffraction, TEM
(SAED) and “’Fe Mdssbauer spectroscopy. The crystal structure of PbBaFeMnO, and PbBaFe, ,Mn, ;O, members of
the series is determined by Rietveld refinement method. The basic crystallographic sections in orientations [100] and
[010] are obtained by SAED method. The Rietveld refinement results are in good agreement with the SAED data. The
compounds crystallize in the orthorhombic space group Prma with unit cell parameters a ~ \/Zap, b=a,andc= 4\/2ap
(a, — the parameter of the perovskite subcell). The crystal structure of the studied phases consists of perovskite blocks
separated by 2[110] (101), (p — the perovskite subcell) crystallographic shear planes. Inside the blocks the octahedral
B—position is occupied by Fe** and Mn** ions and the twelve coordinated A—position is fully occupied by Ba®* ions.
The perovskite blocks are connected to each other by double chains of edge-sharing (Fe, Mn)O, distorted tetragonal
pyramids running along the b—axis. The double chains delimit six-sided tunnels fully occupied by Pb** cations. The
pyramidal chains adopt two mirror-related configurations (“left” L and “right” R) and layers consisting of chains of
the same configuration alternate along the c—axis in -L—-R—L—R— sequence. The Mdssbauer spectroscopy reveals a
transition from magnetic ordering to paramagnetic state in PbBaFe, ;Mn, O, at room temperature with the substitu-
tion of Fe** by Mn** cations. The measurements at 77 K show that the Mn** cations replace the Fe** cations for the
octahedral (1) and the pyramidal (2) sites in equal proportions.

Key words: perovskites, crystallographic shear planes, cation substitutions.

INTRODUCTION

Perovskite-type compounds with general for-
mula ABO; are extensively studied for many years
due to their various electric and magnetic proper-
ties: dielectrics, high temperature superconductors,
ion conductors, colossal magneto-resistant materi-
als, optical materials, etc. The perovskite structure
consists of cubic close packing of oxygen atoms and
A-cations, with % of the octahedral interstices occu-
pied by B-cations. Many structures can be derived
from that of perovskite by various ways: by mixed
occupancy and cation ordering in A and B positions;
vacancy ordering in the cation and anion sublattices;

* To whom all correspondence should be sent:
E-mail: p-tzvetkov@gmx.net

intergrowth of perovskite and other structure type
blocks (NaCl, CaF, and other structure types) and
the formation of hexagonal perovskite polytypes.
The oxygen vacancies ordering in the perovskite
structure gives rise to many compounds with dif-
ferent structures (Ca,Mn,O;, La,Ni,O,, Ca,Fe,O)
[1, 2]. Recently, new class of oxygen deficient
perovskite-type compounds incorporating periodi-
cally ordered translational interfaces was synthe-
sized. The first published member of the class is
Pb, ,,Sr, ,Fe,0, (Pnma, a = 5.687 A, b =3.920 A,
¢ = 21.075 A) [3] with relations to the perovskite
subcell (a,): a= \/2ap, b=a,c= 4\/2ap. The structure
can be described as an anion deficient perovskite in
which half of the B** cations are located in octa-
hedral coordination as in the prototype perovskite
structure and the other half are five-coordinated
in distorted tetragonal pyramids. The pyramids
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share common edges and form double chains and
channels between them along the b-axis, alternat-
ing with perovskite blocks along the c-axis. Inside
the channels the Pb*" cations are coordinated by six
oxygen atoms and one 6s? electron lone pair of the
lead atom. The A** cation position is situated within
the perovskite block and has mixed occupancy by
Pb* and Sr** ions. The introduction of periodically
ordered translational interfaces into the perovskite
structure was based on the basis of detailed trans-
mission electron microscopy investigations of Pb
and Fe-containing compounds [4, 5, 6]. The trans-
lational interfaces were found to have similar crys-
tallographic properties as the crystallographic shear
planes (CS planes) in ReO, structure type. The struc-
ture of Pb, 4,Sr, (,Fe,O; incorporates alternating CS
planes and perovskite blocks along the ¢ — axis. The
shear planes remove a layer of oxygen atoms and
displace the perovskite blocks with respect to each
other by 1/2[110], vector. Derivative compounds of
Pb, 4,51, (,Fe,O5 with different chemical composition
and thickness of the perovskite block are part of the
homologous series A B,O, , (n=4, 5, 6) (A = Pb,
Ba, Bi; B =Fe, Co, Mn, Ti, Sn) [7]. Chemical com-
positions Pb, ;,Sr, ;;Fe,0; [3], Pb, 3,51, BaFe,0;
(0 <x <0.67) [8], Pb, BaFe,O; (0.6 <x < 1.0)
[9], Pb,Mn,O, [10] and PbBaFe, Co O, (0 <x<1)
[11] represents the n =4 member of the homologous
series. Partial replacement of B** by other cation
with formal charge 4+ can enlarge the thickness of
the perovskite block as compared to the prototype
Pb, 4;Sr, (,Fe,O; structure. The members of the se-
ries Pb, ,Ba, Fe,TiO,, and Pb, (Ba, ,Fe,SnO,, (n =
5)[12, 13] and Pb, Bi,,Ba Fe,,Ti, ;O,, (n=6) [12]
represent 1.5 (n = 5) and 2 (n = 6) times the thick-
ness of perovskite block.

In this work we report on the synthesis and crys-
tal structure of PbBaFe, Mn O, (0 < x < 1.5) solid
solution, a new member of the homologous series
AanO3n—2 (n = 4)

EXPERIMENTAL

Polycrystalline samples with chemical compo-
sition PbBaFe, Mn O, (0=<x<1.5, Ax=0.25) were
prepared by high temperature solid state reaction.
Analytical grade PbO, BaCO,, Fe,0, and MnO
were used as starting compounds. Stoichiometric
mixtures of the reagents were homogenized in agate
mortar with acetone and pressed into pellets. The
pellets were heated at 800 °C for 24 hours in argon
flow with intermediate regrinding every 6 hours.
After each regrinding the samples were annealed at
400 °C for 1 hour in air.

Powder X-ray diffraction (XRD) patterns were
collected at room temperature on Bruker DS Advance
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diffractometer using CuKa radiation and LynxEye
PSD detector within the range 13-130° 26, step
0.02° 20 and 6 sec/strip (total of 1050 sec/step)
counting time. To improve the statistics, sample
rotating speed of 30 rpm was used. The crystal
structure parameters were refined using TOPAS 4.2
program [14].

The TEM (SAED) investigations were per-
formed by transmission electron microscope JEOL
2100 at 200 kV accelerating voltage. The specimens
were grinded and dispersed in ethanol by ultrasonic
treatment for 6 min. The suspensions were dripped
on standard holey carbon/Cu grids.

Mossbauer measurements were performed us-
ing a constant acceleration spectrometer. A source
of *’Co(Rh) with activity of 50 mCi was used. The
PbBaFe, ; Mn, O, spectra were taken in the trans-
mission mode at room temperature and at 77 K.
The sample with a thickness of 50 mg cm™ was
mounted in a cryostat of He exchange cooling gas.
The Mossbauer spectra were fitted using an integral
Lorentzian line shape approximation or thin sam-
ple approximation [15, 16]. The isomer shifts are
referred to the centroid of a-iron foil reference spec-
trum at room temperature. The geometric effect is
taken into account as well.

RESULTS AND DISCUSSION

Single phase samples of PbBaFe, Mn O, were
obtained for x = 0, 0.25, 0.5, 0.75, 1.0, 1.25 and
1.5. The powder XRD patterns of all samples were
indexed in orthorhombic symmetry, space group
Pnma and unit-cell parameters a = V2a, b= a, ¢
~ 4\2a_. To prevent the oxidation of Mn** to Mn**
and the formation of BaMnO, as additional phase,
all manganese containing samples were synthesised
in argon flow. Since lead oxide starts to evaporate
at temperatures above 800 °C to compensate pos-
sible losses an excess of 3% wt. was added to the
stoichiometric mixture. The samples with higher
Mn content (x > 1.5) are beyond the homogeneity
range and contain PbO (Massicot) and BaFeO,
as impurity phases. Samples PbBaFeMnO, and
PbBaFe, Mn, ;O, were chosen for detailed struc-
tural investigation. The starting unit cell param-
eters and zero shift value were determined during
the preliminary characterization using the whole
powder pattern matching procedure (Pawley fit)
(Table 1). The XRD phase analysis of PbBaFeMnO,
and PbBaFe  ;Mn, ;O;revealed a single phase for the
first sample and small impurities of PbO — Massicot
in the last one. The determined amount of PbO from
the Rietveld refinement is 2.73% wt. The Pawley
fit of XRD patterns during the preliminary char-
acterization of both samples revealed considerable
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Table 1. Unit-cell parameters for PbBaFe, Mn O, (0 <x<1.5)

X a(A) b(A) c(A)
0.00 5.7656(2) 3.9920(1) 21.1433(6)
0.25 5.7661(4) 3.9733(3) 21.176(2)
0.50 5.7806(4) 3.9510(3) 21.281(2)
0.75 5.7839(6) 3.9382(4) 21.311(2)
1.00 5.7994(3) 3.9095(3) 21.407(1)
1.25 5.8123(3) 3.8962(2) 21.4752(8)
1.50 5.8182(2) 3.8816(1) 21.5115(5)

anisotropic peak shape broadening. The structure
refinement without introducing a model for describ-
ing the anisotropic peak shapes leads to R, = 2.28
and R, =2.21 respectively. Satisfactory results were
achieved by using 8™ order spherical harmonics
[17]. The reliability factors show considerable im-
provement of R, = 1.59 and 1.76 for PbBaFeMnO;
and PbBaFe,Mn, ;O;, respectively. The observed
anisotropic line broadening is probably due to rela-
tively high level of structural disorder in the samples
under investigation. The unit cell parameters of the
solid-solution series PbBaFe, Mn O4 (0 <x < 1.5)
are given in Table 1. With the increase of the man-

ganese content the parameters a and ¢ increase mo-
notonically, while the b parameter decreases. This
result has not straightforward explanation, because
the ionic radii of Fe* and Mn** in octahedral and
five fold pyramidal coordination are almost equal —
0.645 A and 0.58 A, respectively [18]. One possible
explanation is the Jahn-Teller effect of Mn** atoms.

The experimental and calculated selected area
electron diffraction (SAED) patterns of sample
PbBaFeMnO;, are given in Fig. 1. The indexing of
the patterns was performed in orthorhombic lattice.
The unit cell parameters were taken from powder
XRD data measurements in Table 1. The reflection

200 [010] 020  [100]
-
...v...098. - Q\..’.Q..
- = e
LI L
o200
. . ) -098- .o s 00 e [ ] -0(.)8. ce .

Fig. 1. Experimental (above) and calculated (below) SAED patterns of PbBaFeMnO; in [100] and [010] directions
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conditions: Okl:k+l = 2n, hkO:h = 2n, h00:h = 2n,
0kO:k = 2n, 001:1 = 2n determined from the electron
diffraction patterns, are in agreement with the pro-
posed Pnma space group. The Rietveld refinement
structural parameters of PbBaFeMnO, were used
for the calculated SAED patterns in Fig. 1. The ex-
perimental data are in very good agreement with the
proposed structural data.

The crystal structures of PbBaFeMnO, and
PbBaFe, Mn, ;O, were refined using powder XRD
data. The atomic positions for Pb, ,\Ba ,,Fe,O; [9]
were used as initial parameters for the refinement.
Since the X-ray atomic scattering factors of man-
ganese and iron are very close, their population in

the mixed occupancy positions can not be deter-
mined precisely from the Rietveld refinement data.
Therefore, statistical distribution of Fe and Mn at-
oms in the octahedral — Fe2(Mn)O, and pyramidal
— Fel(Mn)O; sites was used.

The refined structural parameters of both sam-
ples are given in Table 2 and 3. Typical Rietveld
plot of PbBaFe, ;Mn, ;O;is shown in Fig. 2. Table 4
represents calculated metal-oxygen distances and
bond-valence sums in comparison with the cor-
responding values calculated for Pb,,Ba, Fe,O;
[9]. The average metal-oxygen distances around
the Pbl position inside the double chains of pyra-
mids slightly increase with the manganese substitu-

Table 2. Refined structural parameters for PbBaFeMnO,
SG: Pnma(62), a=5.7992(1), b=3.9099(1), c=21.4070(4), Z=4

Atom Wyck. x/a y/b zlc SOF B, (A%
Pbl 4c 0.0461(3) 1/4 0.5702(1) 1.00 0.72(4)
Bal 4c 0.5594(3) 1/4 0.6854(1) 1.00 0.46(5)
Fel 4¢ 0.459(1) 1/4 0.4484(2) 0.50 0.26(6)
Mnl 4c 0.50 0.26(6)
Fe2 4c 0.9328(9) 1/4 0.3152(2) 0.50 0.26(6)
Mn2 4c 0.50 0.26(6)
ol 4c 0.937(3) 3/4 0.3218(7) 1.00 1.1Q2)
02 4c 0.676(3) 1/4 0.2512(9) 1.00 1.1(2)
03 4¢ 0.194(3) 1/4 0.3928(8) 1.00 1.1Q2)
04 4c 0.696(3) 1/4 0.3847(8) 1.00 1.1Q2)
05 4¢ 0.441(3) 3/4 0.4578(7) 1.00 1.1(2)

R, = 1.59,R,, =495, R, = 1.95, GOF = 2.53

Table 3. Refined structural parameters for PbBaFe, Mn, ;O

SG: Pnma(62), a= 5.8172(1), b=3.8808(1), c=21.5068(2), Z=4
Atom Wyck. x/a y/b zlc SOF B, (A%
Pbl 4c 0.0608(2) 1/4 0.5709(1) 1.00 0.83(3)
Bal 4c 0.5769(3) 1/4 0.6851(1) 1.00 0.43(4)
Fel 4c 0.4409(8) 1/4 0.4492(1) 0.25 0.28(5)
Mnl 4c 0.75 0.28(5)
Fe2 4c 0.9150(7) 1/4 0.3146(2) 0.25 0.28(5)
Mn2 4c 0.75 0.28(5)
o1 4c 0.921(2) 3/4 0.3217(5) 1.00 0.8(1)
02 4c 0.654(2) 1/4 0.2499(6) 1.00 0.8(1)
03 4¢ 0.190(2) 1/4 0.3971(6) 1.00 0.8(1)
04 4c 0.677(2) 1/4 0.3868(6) 1.00 0.8(1)
05 4c 0.424(3) 3/4 0.4631(5) 1.00 0.8(1)

R, = 1.76, R, =4.86, R, = 1.90, GOF = 2.56
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Fig. 2. Experimental (circles), calculated (line) and difference (bottom line) powder XRD patterns for PbBaFe, ;Mn, ;O;.
Lower tick bars represent peak positions for PbBaFe, Mn, ;O and the impurity phase PbO (Massicot)

tion. The Pbl columns of atoms are ordered in a shifted along the @ — axis having coordinates x =
straight line along the ¢ — axis in the structure of 0.0461(3) and 0.0608(2), respectively (Fig. 3). The
Pb, ,Ba,Fe,O; with coordinate x = 0.0032(8) [9]. average distances in Fel(Mn)O, pyramids does not
According to the refined data for PbBaFeMnO, change notably. The shortest ones are observed in
and PbBaFe Mn, ;O,, lead atoms are considerably = PbBaFe,Mn, ;O,, mainly because of the significant

Fig. 3. Polyhedral representation of a) Pb, ,Ba, Fe,O, [9], b) PbBaFeMnO,, and c) PbBaFe, . Mn, ;O along [010]
direction. Pyramids — Fe(Mn)O,, octahedra — Fe(Mn)O,, small dark spheres — Pb atoms, large light spheres — Ba atoms
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Table 4. The calculated metal-oxygen distances and bond-valence sums for Pb, ,Ba, Fe,Os,

PbBaFeMnO; and PbBaFe, Mn, ;O

Metal-oxygen Composition
distances Pb, ,Ba, Fe,0,* PbBaFeMnO; PbBaFe, ;Mn, ;0
o(1) 2.287(9) 2.314(15) 2.312(11)
0(3)x2 2.478(6) 2.528(11) 2.523(8)
0O(4)x2 2.631(6) 2.644(12) 2.630(8)
Pbl 0(5) 2.673(9) 2.888(17) 2.913(12)
0(5) 3.241(9) 3.034(17) 3.085(12)
Average 2.631(3) 2.654(5) 2.660(4)
Valence 2.04(1) 1.88(2) 1.89(2)
o(1) 2.873(11) 2.883(18) 2.900(12)
o(1) 2.884(11) 2.924(18) 2.924(12)
o(1) 2.840(12) 2.921(15) 2.939(11)
0(2)x2 2.771(10) 2.747(13) 2.743(10)
Bal 0(2)x2 2.836(10) 2.854(13) 2.857(10)
0(3)x2 3.009(9) 2.943(13) 2.954(11)
0O(4)x2 2.925(9) 2.875(13) 2.887(10)
0(5) 3.113(11) 3.064(15) 3.186(11)
Average 2.899(3) 2.886(4) 2.903(3)
Valence 2.36(2) 2.43(3) 2.35(2)
0(3) 1.928(10) 1.947(18) 1.840(14)
0(4) 1.867(10) 1.933(18) 1.921(13)
0(5)x2 2.023(2) 1.968(2) 1.966(2)
Fe, Mnl
0(5) 2.012(8) 2.090(16) 2.043(11)
Average 1.971(3) 1.981(4) 1.947(4)
Valence 2.87(3) 2.77(5) 3.06(4)
O(1)x2 1.9944(7) 1.960(1) 1.947(1)
0(2) 1.963(12) 2.019(19) 2.059(14)
0(2) 1.979(12) 2.006(19) 1.963(14)
Fe, Mn2 0(3) 2.106(10) 2.246(18) 2.390(14)
0(4) 2.159(10) 2.025(18) 2.081(13)
Average 2.033(4) 2.036(6) 2.064(5)
Valence 2.92(3) 2.92(5) 2.82(3)

* — The data for Pb, ,Ba Fe,O; are taken from Nikolaev et al. [9].

decrease in Fel(Mn) — O3 bond distance, which is
partially compensated with the increase of Fel(Mn)
— O4 bonds. The average metal-oxygen distances in
Fe2(Mn)O, octahedra monotonically increase with
the substitution. The oxygen atoms O3 and O4 are
common for Fel(Mn)O; pyramids and Fe2(Mn)O,
octahedra in the perovskite blocks. With increase of
Mn substitution level the Fe2(Mn) — O3 bond dis-
tance increases to almost non bonding 2.390(14) A
in PbBaFe, Mn, ;,O.. The distance Fe2(Mn) — O4
is less changed and decreases to 2.081(13) A. The
twelve-fold oxygen coordination around the Ba at-
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oms does not undergo notable changes. Recently, a
comprehensive study of Pb,Mn,O, employing trans-
mission electron microscopy methods was reported
[10]. This compound is synthesized under high pres-
sure conditions as a mixture with two other phases.
The proposed structural model by Hadermann et al.
was found to share many common features with the
Rietveld refinement results of the present samples.
They report Jahn-Teller distortion of MnO, octahe-
dra in the a-c plane with two long and two short
Mn-O distances (see Fig. 8c, Ref. 10). The Jahn-
Teller deformation of octahedral oxygen coordina-
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Table 5. ’Fe Mossbauer spectral parameters of hyperfine interaction for PbBaFe, ;Mn, ;O

at 300K and 77K
Site [I];] [mIrrsl/s] [m?ris] Fw[ilnhfgjs?'os [kge] Rel area [%]
Oct(1) 200 0.35+0.03 0.58+0.04 021 20+3
Pyr(2) 0.30 = 0.03 1.01 % 0.04 0.75 1943
Oct(1) . 0.53 +0.04 -0.13 + 0.04 0.87 0.74 0.46 51341 48+3
Pyr(2) 0.47 £0.04 0.1+0.04 112 0.67 045 482+ 1 52+3

tion around the Mn*" ions is well known in many
compounds and was found to be crucial for the sta-
bilization of Pb,Mn,O; structure. Similar defor-
mation of the octahedra is observed in the crystal
structure of PbBaFeMnO; and PbBaFe, ;Mn, ,O..
The degree of deformation increases with the
increase of the manganese content. Most likely
this is the main reason for the observed change
of the unit cell parameters with the increase of
manganese content (Table 1). The bond distance
Fe2(Mn) — O1 contracts with the increase of
manganese and can be determined straight form
the b-parameter. The average Fel(Mn) — O dis-
tances also decrease with manganese substitu-
tion. Thereby, the observed increase in unit cell
parameters along the a- and c-axis is mainly due
to the Jahn-Teller distortion of MnO, octahedra
within the (010) plane.

The Mdssbauer spectra taken at room tempera-
ture and at 77 K are presented in Fig. 4a and Fig. 4b,
respectively. The parameters of the fitted spectra
corresponding to an isomer shift (IS), a quadrupole
splitting/shift (QS), a full width at half maximum
(FWHM) of the resonance lines, a magnetic hyper-
fine field at the site of the Fe nucleus (H), and the
relative spectral area are summarized in Table 5.
The spectrum measured at room temperature was
fitted by superposition of two quadrupole doublets:
(1) and (2) and a continuous distribution of magnetic
Zeeman sextets. The doublets (1) and (2) correspond
to two iron sites in PbBaFe,  Mn, O, — octahedral
(1) and pyramidal (2) ones, respectively. The distri-
bution of the magnetic sextets at room temperature
shows an intermediate magnetic state with the pres-
ence of a paramagnetic state (two quadrupole dou-
blets with approximately 40% of relative spectral
area), and 60% of magnetic ordering.

The Mossbauer spectrum taken at 77 K was fit-
ted by superposition of two magnetic sextets cor-
responding to the two positions of magnetically
ordered iron in PbBaFe, Mn, O, (Fig. 4b). The
broadening of magnetic components as compared
to the corresponding resonance lines at 77 K for
PbBaFe,O; [9] could be explained by random dis-

tribution of magnetic cations, Fe and Mn, at octa-
hedral and pyramidal positions leading to differ-
ent exchange interaction for the Fe—Fe and Fe—-Mn
cations. Actually we have two magnetic sextet dis-
tributions for the two iron sites, but for the fitting
procedure an approximation was used with three
different line-widths for the magnetic components
of the spectra (1% — 6™), (2" — 5™) and (3™ — 4™), as
it is shown in Table 5.

Comparing with the data for PbBaFe,O, at 77 K
[9], a diminution of the magnetic hyperfine field at
the site of the Fe nucleus (H) is observed in PbBaFe, ,
Mn, ;O; due to the presence of manganese. Finally,
our measurements show that the Mn cations replace
the Fe cations for the octahedral (1) and the pyra-
midal (2) sites in equal proportions (within the sta-
tistical error). This result is very different from the
data previously reported by us on Mossbauer spec-

—~~
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Fig. 4. Mossbauer spectrum of PbBaFe, ;Mn, ,O, taken at
a) 300K and b) 77K
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troscopy of PbBaFe, ;Co,O; [11]. The latter com-
pound was found to have magnetic ordering at room
temperature and the Co atoms were found to prefer-
ably occupy the pyramidal positions, as opposed to
the new compound PbBaFe, ;Mn,,O; described in
this paper.

CONCLUSION

New solid-solution series PbBaFe, Mn O, was
successfully synthesized. The members of the se-
ries are part of the homologous series A B O, ,
(n=4). The homogeneity range was determined for
x up to 1.5. The crystal structures of PbBaFeMnO;
and PbBaFe Mn, O, were refined by Rietveld
method. The degree of structural deformation in-
creases with the increase of the manganese content.
This fact should be considered as the main reason
for the observed changes of the unit cell parameters
with the increase of manganese content. The experi-
mental and calculated selected area electron diffrac-
tion (SAED) patterns are in very good agreement
with the obtained structural data. The Mossbauer
spectroscopy reveals a transition from magnetic
ordering in PbBaFe,O; to paramagnetic state in
PbBaFe, Mn O, at room temperature. The meas-
urements at 77 K show that the Mn cations replace
the Fe cations for the octahedral (1) and the pyrami-
dal (2) sites in equal proportions.
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the spectra. We thank also the National Science Fund
of Bulgaria for the financial support under contract
DTK-02/77 — 2009 and DO-02-224/17.12.2008.
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CHUHTE3 HA HOBU PbBaFe, Mn O, CbEJJMUHEHUA
C IIEPOBCKHUTOB TUII CTPYKTYPA

I1. lBerkoB'*, JI. KoBauesa', /I. Huxtsnosa'*, H. Benuukosa, T. Pyckos®

! Huemumym no Obwa u Heopeanuuna Xumusi, Bvacapcka Axademus na Haykume,
1113 Cogpus, 6yn. ,,Axao. I'eopeu bonueg*, oa1. 11
2 Unemumym no Munepanozus u Kpucmanoepagus, bvieapcka Axademus na Hayxume,
1113 Cogus, oyn. ,,Axao. I'eopeu bonueg™, o1. 107
3 Unemumym 3a Sopenu uzciedsanust u Hopena enepeus, bvieaperka Akademus na Haykume,
1784 Cogus ,, L{apuepadcko woce*, 61. 72

[ocrpmuna va 22.03.2012 r.; mpueta Ha 27.04. 2012 1.
(Pesrome)

HoBu chemHEHMs ¢ IEPOBCKUTOB TUI CTPYKTypa 1 obma popmyna PbBaFe, Mn O, (0<x<1.5) 6sxa cunte3upa-
HU 4pe3 TBbpAo(da3eH cuHTe3 B aTMoc(epa oT aproH. IlomyueHnTte chetuHEeHNs OsXa XapakTepU3NpaHH C IIPaxoBa
peutrenoBa audppakius (XRD), TEM (SAED) u 'Fe MbocbayepoBa criektpockonusi. Kpucraianara cTpykTypa Ha
PbBaFeMnO; u PbBaFe, Mn, ;O, unenoBe Ha cepusita e ompezaeneHa 1mo merona Ha Pursenn. Judpaxunonnure
kaptuHA 10 HampasieHus [100] u [010] ca momydenn upe3 SAED. Pesynrature oT cTpyKTypHaTa paduHAIS 110
MeToza Ha PutBenz ca B J0Opo chIiacue ¢ JaHHUTE OT eJIeKTpoHHATa Au(dpakiust. CheJUHEHNUATa KPUCTAM3UPAT B
OpPTOPOMOWYHA NPOCTPAHCTBEHA TpyHa Prma 1 mapaMeTpy Ha eJIEMEHTapHaTa KJIETKa a ~ \/Zap, b=a,nc= 4\/2ap
(a, — mapameTsp Ha [IEPOBCKUTOBATA MOJKIIETKA). Kpucrannara cTpykTypa Ha M3y4eHnTe (hasu ce ChbCTOH OT TepOB-
CKUTOBHU OnokoBe otaenenu ot [ 110] (101), kpucranorpadcku paBHUHY Ha cpsi3BaHe. B 6i0KoBeTe OKTaeApuyHaTa
B-nosunus e 3aera ot Fe** u Mn®* fionu u jBaHaeceT KoopAUHUpaHaTa A-TIO3UIKs € U3IEUIo 3aeta oT Ba?' iioHu.
[lepoBcknToBUTE OIOKOBE Ca CBBP3aHM MOMEKAY CH ¢ JBOMHM Bepurn oT mi3kpuseHu (Fe, Mn)O, Terparonannu
MUPaMHIH, KOUTO CIOJEIAT o0y prooBe. Bepurute ca mo mpoTtekeHne Ha b-ocTa M OTpaHNYABAT MIECTOBI'BIHU
TYHEJIH 3aI/BJIHEHH M3LsU10 0T Pb?" kaTronu. [TnpaMuanHuTe BEpUTH IMAT JBE OTJICNATHO CBBP3aHN KOH(PHUTYpaluH
»aBa“ — L u ,macHa™ — R), KaTo ciioeBe U3rpaZieHu caMo OT €IHa OT IBETe KOHPUTYpAIHX CEe PEIyBaT 110 MPOTEKe-
HHUe Ha c—ocTa B —L—R-L—R— mocnenoBatennoct. MpocbayepoBata criektpockonus Ha PbBaFe, .Mn, O, mokas3sa,
4e ¢ yBelnnvaBaHe Ha 3aMecTBaHeTo Ha Fe*' or Mn®* kaTroHu Temmneparypara Ha mpexojia OT MarHUTHO MOJPEICHO
B MapaMarHUTHO ChCTOSIHUE ce MoHIKaBa. Hampasenurte u3mepsanus npu 77 K mokassar, ue Mn*" 3amectBa Fe* B
OKTaepUIHATA ¥ MUPAMHAIATHA TIO3UINH B €HAKBA CTEIICH.
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A preparation of high-molecular poly(ethylene-oxide)-urea complexes
from a solution and their structural changes on heating
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The preparation of high-molecular poly(ethylene oxide)-urea molecular complex by mixing their benzene and
methanol solutions had been studied. The composition of the soluble and insoluble solid dispersed phase in benzene-
methanol mixture had been investigated by means of X-ray and calorimetric analyses. It is shown that at molar ratio
between poly(ethylene oxide) and urea of 1:2, which corresponds to the molecular complex composition, the yield of
solid dispersed phase increases in a non-linear mode with an extension of the interaction time to 50 hours and after

that it doesn’t change any more.

The structural changes of poly(ethylene oxide)-urea molecular complex on heating from room temperature up to
147.5 °C had been studied using high-temperature X-ray analyses. It was shown that improvement processes of the
molecular complex crystal structure were carried out in the temperature range before melting.

Key words: poly(ethylene-oxide), urea, complexes, preparation, structure.

INTRODUCTION

It is known that poly(ethylene oxide) (PEO)
and urea form crystal molecular complex (MC)
by mixing [1-5]. The molar ratio of PEO and urea
in the molecular complex is 1:2. It has been es-
tablished that the MC crystal structure is different
from the crystal structure of the initial components
[4, 5]. Its melting temperature (T =144.5 °C) is
higher than the melting temperature of PEO (65 °C)
and urea (132 °C).

Till now there are no references available con-
cerning investigation of the structural changes in
PEO-urea MC on heating and cooling. Wide-angle
X-ray is an useful method for this purpose. The
structure and the structural transformations of
high-molecular PEO-urea molecular complex on
heating and its mixtures with the initial compo-
nents have been studied by means of this method.
The results obtained are the subject discussed in
the present paper.

* To whom all correspondence should be sent:
E-mail: pgt director@abv.bg
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EXPERIMENTAL

High-molecular PEO “Badimol”, produced in-
dustrially by “Chemist plant” at Dimitrovgrad with
a molecular weight, determined viscosimetrically
M, =2.7x10° was used for the preparation of PEO-
urea molecular complex and their binary mixtures
with the initial components. The urea is chem. pure
for analysis, supplied by “Riedel de Hoen-Germany.
The PEO content in its urea mixtures was changed
from 15 to 90 wt.%, which corresponds to the change
of PEO-urea molar ratio from 1:3.5 to 1:0.1.

PEO-urea binary mixtures were prepared by mix-
ing a 1% solution of PEO in benzene with methanol
solutions of urea (10 wt.%) at 20 °C and benzene:
methanol ratio of 1:0.27 volume parts. After some
time in the range from 1 to 200 hours, the resulting
insoluble precipitate was separated by a decantation
and it was washed out with benzene. The decanted
solution was evaporated under vacuum at 50 °C.
The resulting solid residuum and the washed pre-
cipitate were dried at 50 °C under vacuum to a con-
stant weight.

The X-ray investigations were carried out at
room and elevated temperature by an apparatus
“Dron-3” — Russia and “Tur-M 6117 — Germany
with Ni-filtered CuKa radiation under a reflection

© 2012 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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condition in the angular range (26) from 8 to 44°.
A differential scanning calorimeter “DSC-1117, a
product of Setaram, France, was also used.

RESULTS AND DISCUSSION

A heterophase system of a solid dispersed phase
and a liquid continuous phase is obtained by mixing
monophased PEO solutions in benzene and a meth-
anol solution of urea at a temperature of 20 °C. The
content and the composition of the insoluble solid
dispersed phase depend on the initial ratio of the
components PEO and urea and on the interaction
period. At PEO-urea ratio of 1:2 molar fractions,
corresponding to the molecular complex composi-
tion, the solid dispersed phase yield, which is in-
soluble in a benzene-methanol mixture increases in
a non-linear mode with an extension of the interac-
tion period 50 hours, it reaches 75-80 wt.% towards
PEO-urea mixture and it doesn’t change any more
(Fig. 1, curve 1).
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Fig. 1. Dependence of production of insoluble fraction
in PEO-urea mixtures on the PEO content in the initial
mixture (curve 2) and on the interaction period at PEO-
urea ratio of 1:2 molar fractions (curve 1)

It has been established by means of X-ray and ca-
lorimetry, that the liquid phase and the solid fraction,
dissolved in it and separated after the evaporation of
a benzene-methanol mixture, represents PEO-urea
molecular complex (Fig. 2, curve 4; Fig. 3, curve 2;
Fig. 4, curve 3, 4).

The PEO-urea interaction at a ratio of 1:2 molar
fractions and the formation of a molecular complex
are carried out relatively quickly at the conditions
investigated. Almost a complete (100%) association
in a molecular complex has been observed. After 50
hours equilibrium between the soluble and insolu-
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Fig. 2. Wide-angle X-ray diffractograms of PEO-urea
mixtures, prepared from a solution (insoluble fraction).
PEO — urea ratio, molar fractions: curve 1 — 0:1; curve
2 —1:0; curve 3 —1:0.5; curve 4 — 1:2; curve 5 —1:3.5
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Fig. 3. Wide-angle X-ray diffractograms of PEO-urea
mixtures, prepared from a solution (soluble fraction).
PEO-urea ratio, molar fractions: curve 1 — 1:0.5; curve
2—1:2; curve 3 —1:3.5.
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Fig. 4. DSC curves on heating of insoluble (1, 3, 6) and
soluble (2, 4, 5) fractions in a benzene-methanol mixture
of PEO-urea binary system. Molar fractions of PEO and
urea: curves 1, 2 — 1:0; curves 3, 4 — 1:2 and curves 5,
6-1:35

ble fraction of the molecular complex in a benzene-
methanol mixtures is established (Fig. 1, curve 1).

PEO-urea mixtures with a content of the first
component from 17.3 to 59.5 wt.% in a benzene-
methanol solution at an interaction period of 50
hours and at identical other conditions are prepared.
The dependence of the insoluble fraction yield on
the proportion between the two components is pre-
sented in Fig. 1, curve 2. It has been established by
means of X-ray and calorimetry, that the insoluble
fraction represents PEO-urea molecular complex at
an urea content in the initial mixture from 0.5 to
2 molar fractions per ethylene oxide unit (Fig. 2,
curves 3, 4; Fig. 4, curves 1, 3). The insoluble frac-
tion represents PEO-urea molecular complex and
traces of free urea at an urea content higher than
2 molar fractions per ethylene oxide unit (Fig. 2,
curve 5; Fig. 4, curve 6).

It has been established as it was expected from
the results obtained that the soluble fraction in
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a benzene-methanol mixture differ in a compo-
sition from the insoluble solid dispersed phase,
when the initial PEO-urea ratio is different from
the complex composition. At a PEO content high-
er then 26.8 wt.% towards its urea mixture (less
then 2 moles of urea per one monomeric unit),
the soluble fraction in solid state represents mo-
lecular complex and free PE mixture, which form
separate crystal phases (Fig. 3, curve 1; Fig. 4,
curve 2). When the urea content in the initial mix-
ture is above 73.2 wt.% towards its PEO mixture
(above 2 moles of urea per ethylene oxide unit),
the soluble fraction in solid state contains mainly
free urea (Fig. 3, curve 3; Fig. 4, curve 5).

The structural changes on heating of PEO-
urea molecular complex fro room temperature to
147.5 °C have been investigated using high-temper-
ature X-ray (Fig. 5).

It has been established that on first heating in the
range about 120 to 135 °C, a slight but measurable
increase of the integral intensity of the reflexes is
observed, due to MC, 002 (26 = 19.42°), 202 (26 =
27.35°) and 102 (20 = 21.64°) and also decrease of
their half-width is observed (Fig. 6, 7).
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Fig. 5. Wide-angle X-ray diffractograms of PEO-urea
MC, prepared from a solution (1:2 molar fractions) at
different temperatures. First heating temperature, °C:
curve 1-18; curve 2-120; curve 3-130; curve 4-145;
curve 5-147.5
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Fig. 7. Dependence of integral half-width of crystal re-
flexes in the wide-angle X-ray diffractograms of PEO-
urea MC (1:2 molar fractions), prepared from a solu-
tion, on the heating temperature, 20: 1-25.5°; 2-27.35°;
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Fig. 8. Dependence of X-ray degree of crystallinity (o)
of PEO-urea MC (1:2 molar fractions), prepared from a
solution, on the temperature

Above 135 °C the intensity of the diffraction
maximums of the molecular complex crystal phase
(Fig. 6) and the degree of crystallinity (Fig. 8)
abruptly decrease.

This temperature coincides with the initial melt-
ing temperature of the molecular complex deter-
mined calorimetrically. Consequently, improve-
ment processes of the molecular complex crystal
structure are carried out on heating in the tempera-
ture range before melting. Similar effects have been
observed earlier (Fig. 6, 7) for high-molecular PEO
and they are explained with the structural changes
of the crystal phase into plastic state.
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I[TOJIYHABAHE HA KOMIUIEKCH HA BUCOKOMOJIEKYJIEH
[TOJIMETUJIEHOKCH/I 1 KAPBAMUJ] OT PA3TBOP 1 CTPYKTYPHUTE
UM ITPOMEHMU ITPU HAT'PAABAHE

C. V3o0Ba'*, b. borganos?, B. Benes?, T. Aurenos?®, A. ITonos*

THI'T ,, IIpogh. 0-p Ac. 3namapos* — Bypeac, 8000 Bypeac, Bvacapus
2 Vuusepcumem ,, En. K. Ilpecrascku*“ — [llymen, 9712 Illymen, Borcapus
3 Jlyroiin Heghmoxum Bypeac AJ], Bypeac, bvaeapus
* Vuueepcumem ,,[Ipogh. 0-p Ac. 3namapos* — bypeac, 8010 Bypeac, Bvacapus

[Moctpnuna va 27.02.2012 r.; mpueta Ha 18.04. 2012 1.

(Pesrome)

[Mony4eH 6e MoJIeKyJIeH KOMIUIEKC OT BUCOKOMOJIEKYJICH MOJIUETHICHOKCH/T M KapOaMHu/] Upe3 CMECBaHe Ha TEXHU
OCH3EHOBH M METaHOJIHH pa3TBopu. KoMmnosuimsTa Ha pa3TBOpuMara U Hepa3TBOpHMaTa TBbpHa JuciiepcHa (asza
B OCH3eH—MeTaHOJIHATa cMec Oellle U3clie/IBaHa PeHTICHOCTPYKTYPHO M KaIOpUMETPHUYHO. belie nokasaHo, ue npu
MOJIHO ChOTHOILIEHHE MEK/Ty IOJUETUIICHOKCH 1A 1 KapOamu/a 1:2, ChOTBETCTBAIO HA MOJIEKYJIHUSI KOMIUICKC, KO-
JMYECTBOTO Ha TBBpJATa AUCIepcHa (paza HapacTBa HEJIMHEIHHO ¢ yBelnYaBaHe Ha PEakIMOHHOTO BpeMme 10 S50 yaca

" CJICa TOBA HE CC U3MCHA ITOBCUC.

CTpyKTypHHTE M3MEHEHHSI Ha MOJICKYJIHUSI KOMIUIEKC MEXy MOJHETHJICHOKCHIA U KapOamuaa Mpu Harpssa-
HE OT cTaifHa Temmeparypa 1o 147.5 °C 6gxa n3cienBaHU ¢ OMOIITa BUCOKOTEMIIEpaTypHa MpaxoBa PEHTICHOBA
mudpaxromerpust. [Tokazano Geiie, 4ye B TeMIepaTypHUsi HHTEPBAI MPEH TOMEHE C€ YChBBPIICHCTBA KPUCTAIHATA

CTPYKTYypa Ha MOJICKYJIHUST KOMITJIEKC.
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