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Abstract New approach of phosphate—sulfate synthesis,
preventing sulfur elimination was proposed. It implies
sulfur encasement into intermediate with heightened ther-
mal resistance, thus the synthesis temperature of phos-
phate—sulfate could be increased, and crystallization can be
performed. This method is considered to be capable by
example of obtaining of Pb,;FeZr(PO4);/5(SO4),/3 cera-
mic. It was synthesized by means of sol-gel method via
formation of intermediate PbSQO,, which encased sulfur and
eventually led to formation of mentioned before phos-
phate—sulfate. Obtained sample was characterized via X-
ray, IR, combined DTA-TG, SEM and microprobe elec-
tron analysis. Crystal structure and unit cell parameters
were derived from least-squares refinement of powder X-
ray diffraction data (NZP-type, sp. gr.R3c, a = 8.6339 A,
c = 23.2991 A, V = 1504.1 A3). Thermal expansion
(e, = 0.96:107%, 0, = 3.24-107°, o,y = 1.76:10°° K1) of
compound also has been studied. There is a wide area of
interest, due to development of ceramics with low thermal
expansion.
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Introduction

Materials—structural analogues with the mineral kosnarite,
KZr,(POy); [1], including large family of NASICON, Na,_,
Z1,Si,P;_, 0}, solid ionic conductors [2], and NaZr,(PO,)s
(NZP) [3], have attracted researchers attention due to their high
ionic conductivity [4], low thermal expansion [5] and high
resistance toward damage under natural corrosion conditions
[6]. These properties allow them to be used in the fabrication of
various products: ceramic electrolytes, thermal shock resistant
ceramics, semiconductor substrates, catalyst supports and host
matrices for secure toxic/radioactive waste immobilization
[3, 7-9]. In accordance with detailed knowledge about com-
pound structure, synthesis of superionic materials NASICON
with low temperatures of cation conductivity via iso- and
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heterovalent substitutions can be performed [10—12]. The great
interest toward NZP compounds can also be explained by
expanding prospects of usage these materials as high-tech
ceramics with unique ability to hardly expand in the wide range
of temperatures [13, 14]. Due to possible cation and anion
substitutions the properties could be considerably modified.
There are some approaches how thermal expansion value can be
reduced [15-18]. It is well-known fact that behavior under
thermal exposure of NZP structure depends on the nature, ratio
between size and number of cations, occupying varied crystal-
lographic positions, number of vacant positions and symmetry
of unit cell. While compound with NZP structural type
(NaZr,(POy);) is under heating, most feeble bonds Na—O extend
much more than the strong bonds Zr—O and P-O (Fig. 1). Size of
the trigonal antiprism constructed around Na position (M1
position) increases under heating, so it leads to elongation of
column, consisted of polyhedral along c-axis (o, > 0). That
causes angle distortions in polyhedra via rotation of vertex
bound ZrOg-octahedra and PO,-tetrahedra. Tetrahedral angle
O—P—O increases toward c, distance between columns of
framework structure decreases and structure shrinks along a-
axis (o, < 0) [19]. In keeping with mentioned before, average
magnitude of thermal expansion coefficient is really low.
Thus, one way of reducing thermal expansion is cation
substitution in M1 position (small cations are substituted
by big ones). In this case, position can be occupied by
cations, which radius is in range from 0.95 to 1.67 A K+,
Rb", Cs*, Ca*™, Sr*T, Ba®", Cd*™) [18]. Another way is
substitution of anion forming element (phosphorous) with
smaller one (sulfur). This is considered that it reduces cell

Fig. 1 Crystal structure of NZP ceramics. The framework comprised
of L-octahedra and P-tetrahedra. M1, M2—extraframework positions
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volume and thermal expansion and can be performed by
using cheap elements (K, Pb) in M1 position.

It is well-known fact that in contrast to sulfates, tem-
peratures of phosphate synthesis are rather high [20-22].
This is the main cause of synthesis difficulties of mixed
phosphate—sulfates. We attempted to synthesize numerous
compounds with alkali metals in M1 position, including
row AZrFe(PO4),SO4, A-Li, Na, K, Rb, Cs, yet only
compound with sodium was obtained with great extent of
purity. Isomorphic substitution

ZI.4+ + P5+ N Fe3+ 4 S6+

in the basic NaZr,(PO,); leads to NaFeZr(PO,),SO, for-
mation. But the real synthesis is rather complicated due to
multiple cycle repetition “grinding—pressing—heating” and
partial loss of sulfur above 873 K. There is the main
problem of phosphate—sulfate synthesis caused by partial
losses of sulfur as SOs.

We invented new method, which enables us to avoid sulfur
loses during the synthesis of phosphate—sulfates. So it implies
sulfur encasement into intermediate reagent with heightened
decay temperature. In this case, synthesis temperature could
be increased; therefore, phosphate—sulfate crystallization can
be easily performed. The main goal of this research is to depict
application of that method by example of the phosphate—sul-
fate Pb,sFeZr(POy4);5(SO4),s5. It has been opted, due to sto-
ichiometry ratio between lead and SO, anion (1:1), providing
formation of stable intermediate PbSO, (thermally resistant
up to 1443 K). Thermal expansion of synthesized compound
has been studied in the temperature range 153473 K.

Experimental
Materials

All chemicals of Pb(NO3),, FeCl;-6H,0O, ZrOCl,-8H,0,
H;PO,4, H,SO,4 were provided by “Reachem” and used
without further purification. Their purity was not <99.5 %.

Preparation of phosphate—sulfate

Pb,sFeZr(PO4)75(S04),3 sample was prepared with a sol—
gel process. Stoichiometric amounts of 1 M aqueous solutions
of lead nitrate(I), iron chloride(IlT) and zirconium oxychlo-
ride were poured together under constant stirring at 293 K;
after a while, solutions of sulfuric and orthophosphoric acids
were added alternately with stirring. The precursor mixture
(gel) was heated at 363 K until full water evaporation. When
the dry mixture was obtained, it was subjected to stepwise
isothermal heating at 473, 773, 873, 973 and 1023 K for 24 h.
Stepwise heating was alternated with grinding in the agate
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mortar for 30 min. Obtained phosphate—sulfate was red
powder. Then, the powder was pressed into pellet with
pressure of 6 MPa, the size of which was 9.6 mm in diameter
and 3 mm thickness. Pellet was finally sintered at 1023 K.

Methods

The chemical composition and homogeneity of the sample
were checked with X-ray microanalysis on JEOL JSM
7600F field emission (Schottky cathode) scanning electron
microscope (SEM). The microscope was equipped with an
Oxford Instruments X-Max 80 (Premium) energy-disper-
sive spectrometer system for X-ray microanalysis, equip-
ped with a semiconductor silicon drift detector. The
elemental composition of the sample was determined with
an accuracy of 2.0 mol%.

X-ray diffraction patterns were obtained on a Shimadzu
XRD-6000 diffractometer (Ni-filtered Cuk, radiation,
2= 154178 A, angular range 20 = 10°-110°). Unit cell
parameters were determined after indexing X-ray diffrac-
tion patterns. Rietveld method was used for diffraction
pattern processing and structure refinement [23, 24]. The
peak profiles were approximated by means of modified
pseudo-Voight function [25]. The crystal structure was
refined by gradually increasing the number of the param-
eters being refined under continuous graphical modeling of
the background to stabilize R-factor values.

Low-temperature X-ray diffraction measurements of
Pb,sFeZr(PO,4)7/5(SO4),/3 sample were taken on the same
diffractometer in the temperature range 153—473 K at
40-50 K intervals using Anton Paar TTK 450 thermal
accessory. Cooling effect was obtained with controlled
flow of liquid nitrogen. Temperature was monitored with
resistance thermometer Pt100 RTD. Range of diffraction
angels was constant at each selected temperature
(20 = 10°—50°). Si was used as external standard.

DTA-TG combined analysis of precursor and the pre-
pared sample has been performed in argon atmosphere with
DSC calorimeter Labsys TG-DTA/DSC in the temperature
range 298-1473 K with heating and cooling speed
10 K min~"'. Analysis was performed in alundum crucible.
Sample mass was 0.0815 g.

Functional composition of the sample was confirmed by
IR-spectroscopy on a Shimadzu FTIR 8400S spectrometer
within the range of 400-1400 cm™".

Results and discussion

Description of synthesis approach

Problem of synthesis of phosphate—sulfates emerges, due to
considerable difference in thermal properties of phosphates

and sulfates. Usually temperatures of phosphate synthesis
are quite high (above 1023 K). Meanwhile, all sulfates
(except A,SO,4, BSO,, A—alkaline, B—alkaline earth
elements) are thermally unstable (usually stable below
873 K). So, if any unstable intermediate sulfate forms,
there is a great chance that synthesis will not be done
successfully, due to sulfur elimination from reaction zone
and further violation of stoichiometry. Mixed phosphate—
sulfate Pb,sFeZr(PO,4)75(S04)25 with expected NZP
structure have been predicted according to the crystallo-
graphic data. Substitution

Pb>" + 2P — 28" (or (1/3)Pb*" + (2/3)P°" — (2/3)S%%)

in the basic PbFeZr(PO,); leads to Pb,;sFeZr(PO,)7/3
(SO4),/3 formation. In case of its synthesis, possible
unstable sulfates are Fe,(SO,); (decay temperature 753 K),
Zr(SOy4), (decay temperature 398 K). In order to prevent
precursor from sulfur elimination, we made use of Pb
cation as a binding component (PbSO,, decay temperature
1443 K). Opted stoichiometry of the sample prevents pri-
mal mixture from sulfur losses, binding its entire amount in
PbSO, (melting point above 1273 K). The maximal tem-
perature of sample synthesis (1023 K) was chosen
according to the DTA-TG data.

DTA-TG analysis in keeping with X-ray
diffractometry

DTA-TG and X-ray analysis of intermediate mixture with
Pb,3FeZrP;/3S,/301, stoichiometry showed that endother-
mic effects were connected with decay of primal reagents,
which form heterogeneous system (653-743 K), crystal-
lization of required phosphate—sulfate (1023 K) and its
gradual transformation into phosphate PbFeZr(PO,); at
1468 K (as a result of sulfur elimination) (Fig. 2).
According to the X-ray patterns, the main phase of
sample was crystallized with small amount of admixture of
Fe,O; at 873 K. At 1053 K, the single phase Pby;
FeZr(POy4)7,3(S04),/3 with NZP structure formed.

SEM and electron microprobe analysis

The electron probe X-ray microanalysis results showed that
sample grain sizes were about 5 p (Fig. 3) and uniform in
composition, which coincided with the expected one Pb,/
FeZrP;,3S,301, within experimental uncertainty (Table 1).

Crystal structure
The Rietveld refinement of the step scan data was per-

formed by the least square method using Rietan. Table 2
summarizes the measurement conditions, unit cell
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Fig. 2 DSC curve of Pb,;3FeZrP;/3S,/;0,, precursor

Fig. 3 SEM image of Pb,3FeZr(PO,);,3(SO4),3 phosphate—sulfate
parameters and main data of the structure refinement.

Figure 4 presents fragments of the experimental, calculated
and difference X-ray diffraction patterns, as well as the line

Table 1 Chemical composition of phosphate—sulfate Pb,;FeZrP;/3

S213012

Element Ctheor /g, Cz\l'lirtually 1%
Pb 3.77 3.59

Fe 5.66 4.45

Zr 5.66 5.16

P 13.21 14.25

S 3.77 3.50

(0] 67.92 69.05

diagram of the diffraction pattern of the phosphate—sulfate.
Assuming that Pb2/3Fle(PO4)7/3(S04)2/3 belongs to the
NZP family, Zr and Fe, P and S and O atoms are in the 12c,
18e and 36f Wyckoff positions, respectively, of the R3c
space group. The Pb atoms were assumed to occupy the M1
sites. The refinement leads to a rather good agreement
between the experimental and calculated diffraction pattern
and yields acceptable reliability factors (R, Ry,,) (Table 2).
The main interatomic distances for the coordination poly-
hedral, forming the crystal structures of compound
(dpv02 = 2.744(7), degezn o1 = 1.775(5), depeize 02 =
2016(6), d(P,S)—Ol = 1691(8), d(P,S)—O2 = 1554(5) A) are
in a good agreement with the corresponding published data
for phosphates and sulfates of a similar structure [26, 27].
The phosphate—sulfate consists of a framework formed by
FeOg-, ZrOg-octahedra and SO,-, POg-tetrahedra con-
nected by vertices via Zr-O-P, Fe—O-P, Zr-O-S and Fe—-
O-S structural bridges (Fig. 5). The main “building” block
of this framework is domain comprised of two octahedra
and three tetrahedra arranged into columns. In Pby;.
FeZr(PO,)73(S04)2s3, the columns of such domains are
oriented along the crystallographic c-axis.

FTIR-spectra

IR-spectrum of Pb,,3FeZr(PO4);/3(SO4),3, crystallizing in
NZP structural type is shown in Fig. 6. In the space group
R3c(factor group Dsg), ions PO~ and SO?~ are on 2-axis
(positional symmetry C,). Selection rules enable five
asymmetric stretching v, one symmetric stretching vy, five

Table 2 Summary of crystallographic data for Pb,;FeZr(POy)7/3
(SO4),/3 compound

Formula Pb,/3FeZr(PO4)7/3(S04)2/3
Structural analogue PbFeZr(POy4)3
Crystal system Trigonal

Space group R3c (No. 167)

Z 6

Unit cell parameters:

alA 8.6339 (4)
clA 23.2991 (9)
VIA® 1504.1 (1)
deyolg cm™ 4.159 (1)
20 angular range/° 10-110
Total number of reflections 214
Number of refined parameters 28

R/ % 3.24

R/% 2.20

S 2.9103

@ Springer
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Fig. 4 Fragments of the (blue) experimental, (red dots) calculated,
and (green) difference X-ray diffraction patterns, and (black) line
diagram of Pb,;3FeZr(PO4)7,5(SO4),/3 phosphate—sulfate diffraction
pattern
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Fig. 5 Crystal structure of Pb,;3FeZr(PO4)7/3(SOy4)23 (spring green
(Fe/Zr)Og-octahedra, cyan (P/S)Oy4-tetrahedra) (for interpretation of
the references to color in this figure legend, the reader should refer to
the web version of this article)

asymmetric bending v,, two symmetric bending bands v,
for each tetrahedral ion. Absorption bands in range
1220-1000 cm ™" are related to asymmetric stretching
vibrations v; of (P,S)O4 ion. Emergence of high-frequent
band 1204 cm™" is explained by contribution of the elec-
tron density of Fe>" and Zr*" ions, which have small size
and big charge. Band ~ 957 cm™' was related to sym-
metric  stretching v; vibration. Bands in range
640-550 cm™! were related to bending v, vibration,
whereas 424 cm ™! to bending vibration v, of (P,S)O, ion.
The values of vibration wavenumbers of S-O and P-O

Transmittance/a.u.

- 1063

1200 1000 800 600 400
Wavenumber/cm™"

Fig. 6 FTIR transmittance spectra of Pb,,3FeZr(POy4)7/3(S04)2/3

bonds are identical, due to negligible difference between
oxidation degrees of sulfur and phosphorus and resem-
blance between values of interatomic distances (for S—O
and P-O bonds) and mass numbers of P and S.

Thermal expansion

Thermal expansion of Pb,;FeZr(POy4)75(S0y),3 was
studied. The dependences between lattice parameters a, ¢
and temperature are depicted in the Fig. 7. In accordance
with them, it can be inferred that both of lattice parameters
grow with increasing of temperature. It is caused by cor-
related rotation of (Fe,Zr)Og-octahedra and (P,S)Oy-tetra-
hedra around c-axis, usual for NZP compounds. It is known
that thermal expansion directly affects the average kinetic
energy of the vibrating particles in a body and the average
distances between the crystal lattice points and is related to
the asymmetry (anharmonicity) of the thermal vibrations of
atoms; as a result, under variable temperature conditions,
the interatomic distances change. Research of thermal

23.27

23.25

2323
8.63 |-

Unit cell parameters/A

8.62 |

I P
—F F—+1
8.61 1 1 1 1 1 1

150 250 350 450

Temperature/K

Fig. 7 Temperature dependence of Pb,;sFeZr(PO,)7/3(SOy4)2/3 unit
cell parameters (crimson: a, blue: ¢)
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deformations of crystal phosphate—sulfate structure
revealed that direction of the biggest thermal expansion
corresponds to c-axis (o, > o). When Pb,sFeZr(POy)y/3
(SO4)2/3 compound is heated, more feeble Pb—O bonds
elongate more than the strong (Zr,Fe)-O and (P,S)-O ones.
Under heating, the size of the trigonal antiprism around the
Pb site (M1 sites, see Fig. 5) increases and elongates the
column of polyhedra along the c-axis (¢, > 0); as a result,
the (Zr,Fe)Og-octahedra and (P,S)O,-tetrahedra which
share corners rotate, causing angular distortions in the
polyhedra. The tetrahedral O—(P,S)-O angle increases
along the c-axis, the distance between the columns of the
framework structure shrinks, and the structure compresses
along the a-axis. Nevertheless, under heating thermal
deformations of quite strong O-O bonds along a-axis of
various polyhedra, forming framework cause elongation;
therefore, we can detect minimal thermal expansion of
structure along a-direction. The values of the linear coef-
ficients of thermal expansion are the following:
o, = 0.97-107°%, o, = 3.24107°% o, = 1.72-10°° K"
This phosphate—sulfate relates to the low expansion com-
positions group. Both of the coefficients o, and o are positive;
thus, it leads to relatively low anisotropy: o, — o, = 2.27-
107° K~'. For example, the axial coefficients in phosphate
series AE,(PO,4); (A = Na, K, Rb, Cs; E = Zr, Hf), in the
temperature range from 123 to 1073 K, are within the limits:
o, = (—5.5t00.3)- 10 ° K", 0. = (23.5t0-0.9)- 10 ° K™
moving along the raw from the composition with Na (ionic
radius ry,+ = 1.02 10\) to the composition with Cs (ionic radius
Fegt = 1.67 A) [3, 28]. As we expected before, directional
combination of varied tetrahedral anions in NZP compounds
(PO;~ and SO3 ") caused reducing size of framework and its
cavities. That afforded us to obtain low-expanding phosphate—
sulfate with extra-framework lead cation, which smaller than
conventionally used ones (with bigger size) in monoanion
phosphates.

Conclusions

We suggested new synthesis method of phosphate—sulfates
and proved it by Pb,3FeZr(PO,)7/3(SO4),/; formation. Also
we have determined the thermal expansion parameters of
the phosphate—sulfate with NZP structure. So, compound
related to materials with ultra-low thermal expansion.

In accordance with represented method, it may be easily
applied to other compounds, which synthesis can be per-
formed via formation of intermediate sulfate with
high melting temperature. We are on a verge of the syn-
thesis of the following row: Pb,_ sxMgFe(POy,);_x(SO4)x
(0 < x < 4/3). It is appealing because of the maintenance
of lead excess in comparison with sulfur. It offers an

@ Springer

opportunity to completely bind sulfur in precursor and
finally synthesize phosphate—sulfates.
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