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Abstract—The NaFeZr(PO4)2SO4 and Pb2/3FeZr(PO4)7/3(SO4)2/3 sulfate phosphates with the NaZr2(PO4)3
(NZP) structure were synthesized and studied using X-ray diffraction, electron microprobe analysis,
IR spectroscopy, and simultaneous differential thermal and thermogravimetric analysis. The phase forma-
tion and thermal stability of the compounds were studied by powder X-ray diffraction and DTA–TG. The
Pb2/3FeZr(PO4)7/3(SO4)2/3 structure was refined by full-profile analysis. The structure framework is com-
posed of randomly occupied (Fe,Zr)O6 octahedra and (P,S)O4 tetrahedra; the Pb2+ ions occupy extra-frame-
work sites. The thermal expansion of Pb2/3FeZr(PO4)7/3(SO4)2/3 in the temperature range from –120 to
200°C was studied by temperature X-ray diffraction. In terms of the average linear coefficient of thermal
expansion (αav = 1.7 × 10–6°C–1), this compound can be classified as having low expansion. The combination
of different tetrahedral anions (a phosphorus and a smaller sulfur one) in the NZP resulted in a decrease in
the framework size and cavities and enabled the preparation of low-expansion sulfate phosphate with a
smaller extra-framework cation (cheap Pb) instead of larger cations (Cs, Ba, Sr) used most often in the
monoanionic phosphates.
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The good prospects of using mixed phosphates,
structural analogs of the kosnarite KZr2(PO4)3, iso-
structural to a large class of solid ionic conductors,
NASICON and NaZr2(PO4)3 (NZP), containing
additional tetrahedral TO4 anions (T = Mo, As, V, Si, B),
originate from new or improved properties as com-
pared with monoanionic phosphates [1–7]. The crys-
tal chemical criteria enabling the existence of proper-
ties such as superionic conduction and ultralow ther-
mal expansion have been elaborated to a certain extent
and have some predictive power [8, 9]. For example,
upon P5+ → As5+ and P5+ → Si4+ isomorphous substi-
tutions, the unit cell volume of the LiZr2AsxP3 – xO12 and
Na1 + xZr2SixP3 – xO12 solid solutions increases in accor-
dance with the relationship between the P5+ and As5+ or
Si4+ ionic radii. The absence of steric hindrance for the
migration of lithium and sodium ions along the migra-
tion channels and increase in the vacant sity occupancy
in the crystal lattice by mobile sodium ions bring about
an increase in the ionic conduction with respect to that of
phosphates (x = 0) [8, 10].

The NZP phosphates with large Cs, Sr, and Ba cat-
ions in the structure cavities, namely CsZr2(PO4)3,
CsHf2(PO4)3, Sr0.5Zr2(PO4)3, K0.5Sr0.25Zr2(PO4)3, and

Ca0.38Ba0.12Zr2(PO4)3 [11–15], have nearly zero linear
thermal expansion coefficients (LTECs) and expan-
sion anisotropy values. They can serve for the fabrica-
tion of thermomechanically stable materials able to
withstand repeated sharp changes in the heat load [16].
The targeted combination of different tetrahedral
anions, of which one is phosphorus and the other
(smaller) one is sulfur, in an NZP would decrease the
framework dimensions and cavities, enable correction
of the LTEC of sulfate phosphates toward lower values
by using cheaper and smaller cations (K, Pb) instead of
large cations in the NZP structure cavities.

The sulfate phosphate Zr2(PO4)2SO4 and the sulfates
R2(SO4)3 (R is a triply charged cation), LixMgxR2 – x(SO4)3
(R = Al, Cr), NaMgFe(SO4)3, and Na1 + xMg1 + xIn1 – x(SO4)3
(x = 0.2, 0.5) crystallizing in the NZP type structure
are known to date [17–20]. Using published data [20],
we calculated the LTEC of NaMgFe(SO4)3 as αav = 6.8 ×
10–6°C–1. This is a medium-expansion material. Low-
expansion sulfate phosphates can be prepared by vary-
ing the composition without a change in the structure
type.

The purpose of this study is the preparation of
NaFeZr(PO4)2SO4 and Pb2/3FeZr(PO4)7/3(SO4)2/3
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sulfate phosphates, more specific determination of
their structure, and investigation of the thermal
behavior and thermal expansion.

EXPERIMENTAL

NaFeZr(PO4)2SO4 and Pb2/3FeZr(PO4)7/3(SO4)2/3
were prepared by the sol–gel method followed by heat
treatment. Reagent grade chemicals: NaCl,
Pb(NO3)2, Fe2O3, ZrOCl2 · 8H2O, H3PO4, and H2SO4
served as the starting compounds. Stoichiometric
amounts of aqueous solutions of metal salts were
poured together with continuous stirring at room tem-
perature, and then solutions of sulfuric and phos-
phoric acids taken according to the sulfate phosphate
stoichiometry were added. The reaction mixtures were
dried at 90–130°C and heat treated in air at 600–
750°C for at least 24 h in each stage. Each heating stage
alternated with disintegration to provide homogeniza-
tion of mixtures. For advancing the reaction, the pow-
ders were pressed into discs. In the case of
NaFeZr(PO4)2SO4, the highest temperature of the syn-
thesis was 600°C, that for Pb2/3FeZr(PO4)7/3(SO4)2/3 was
750°C. In the preparation of lead-containing sample,
2 wt % ZnO was used as the sintering additive promot-
ing a tighter contact between grains, increasing the
solid-state reaction rate, and decreasing the synthesis
temperature [21]. Zinc oxide was added to the sample
annealed at 700°C. The samples were polycrystalline
red-brown powders.

The sample chemical composition and homogene-
ity were verified using a JEOL JSM-7600F high-reso-
lution scanning electron microscope with a field emis-
sion gun (Schottky cathode) equipped with an
OXFORD X-Max 80 energy dispersive spectrometer
(Premium) with a semiconductor silicon drift detector
and nitrogen-free cooling at an accelerating voltage of
15 and 20 kV. The results of microprobe analysis of sin-
gle-phase samples demonstrated the homogeneity of
grain composition and agreement with the theoretical
values to within the error of the method (not more
than 2 at %).

The X-ray diffraction measurements were carried out
on a Shimadzu XRD-6000 diffractometer (CuKα-radia-
tion, λ = 1.54178 Å, 2θ = 10°–60°) equipped with an
Anton Paar TTK 450 temperature chamber. The X-ray
patterns were indexed by the structure analogy
method using the crystal data of compounds described
in the literature. The unit cell parameters of the
obtained compounds were refined by the least-squares
method. The X-ray diffraction patterns of the
Pb2/3FeZr(PO4)7/3(SO4)2/3 sample for structural stud-
ies were measured in the 2θ range of 10°–110° with a
scanning step of 0.02° and a 16 s exposure in each
point. The X-ray diffraction pattern treatment and
structure refinement were performed by the Rietveld
method [22] using the RIETAN-97 software [23]. The
peak profiles were approximated with the modified

pseudo-Voigt function (Mod-TCH pV [24]). The
atom coordinates of PbFeZr(PO4)3 were used as the
basic model for sulfate phosphate crystal structure
refinement [25].

The thermal expansion was studied on the same
diffractometer using the temperature chamber with a
discrete mode of temperature variation in the range
from –120 to 200°C with a 40–50°C step. The
Pb2/3FeZr(PO4)7/3(SO4)2/3 sample was cooled by a
controlled liquid nitrogen flow. The temperature was
measured with a Pt100 resistance temperature detec-
tor. At each chosen temperature, the range of 2θ angles
was 10°–50°; silicon was used as the external standard.

The simultaneous TG–DTA analysis of sodium
iron zirconium and lead iron zirconium sulfate phos-
phate gels pretreated at 130 and 300°C, respectively,
and of crystalline sulfate phosphates was carried out
under argon on a Labsys TG-DTA/DSC thermal ana-
lyzer in the temperature range of 25–1200°C at heat-
ing and cooling rates of 10K/min.

The functional composition of samples was con-
firmed by IR spectroscopic measurements. The IR
absorption spectra were recorded on a FSM-1201 Fou-
rier Transform IR spectrometer in the 400–1400 cm–1

wavelength range.

RESULTS AND DISCUSSION
The NaFeZr(PO4)2SO4 and Pb2/3FeZr(PO4)7/3(SO4)2/3

sulfate phosphates with expected NZP structure were
predicted relying on the crystal data. The NZP family
(basic structure NaZr2(PO4)3, space group  a =
8.8045 Å, c = 22.7585 Å [26]) comprises compounds
and solid solutions described by the crystal chemi-
cal formula (M1)0 → 1(M2)0 → 3{[L2(TO4)3]p–}3∞, where
{[L2(TO4)3]p–}3∞ is the structure framework (p is the
framework charge), while (M1)0 → 1, (M2)0 → 3 are dif-
ferent types of extra-framework cationic sites with
designation of position occupancy in each type [2].
The structure framework is formed by LO6 octahedra
and TO4 tetrahedra, which share vertices; the M1 and
M2 vacancies of various size are convenient for the
arrangement of a broad range of cations counterbal-
ancing the framework charge. The structure-forming
octahedral cations L with predominantly covalent
nature of metal–oxygen bond are usually in oxidation
states from +5 to +3. In the case of predicted com-
pounds, the framework is formed by the ZrO6 and
FeO6 octahedra and PO4 and SO4 tetrahedra. The
extra-framework cations have lower oxidation states
and greater radii. In our case, these are Na+ or Pb2+

cations.
The Zr4+ + P5+ → Fe3+ + S6+ isomorphic substitu-

tion in the basic NaZr2(PO4)3 structure gives rise to
NaFeZr(PO4)2SO4. Its formation is faced with some
difficulty owing to the thermal instability at tempera-

3 ,R c
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tures above 600°C via partial loss of sulfur as SO3. In
the case of Pb2/3FeZr(PO4)7/3(SO4)2/3, the specified
stoichiometry of the final product makes it possible to
bind the whole amount of sulfur in the initial reaction
mixture to an intermediate refractory product—lead
sulfate (with a melting point above 1000°C) and avoid
the loss of sulfur during the synthesis.

The processes preceding the formation of the target
NaFeZr(PO4)2SO4 phase were studied by simultane-
ous thermal analysis (TG–DTA). In the temperature
range from 100 to 600°C, the mass loss is accompanied
by diffuse endothermic peaks in the DTA curve with
minima at temperatures of 120 and 430°C; the major
mass loss occurs below 200°C. The investigated tem-
perature range corresponds to decomposition of zirco-
nium hydrogen phosphate, which is formed during the
reaction, evaporation of hydrogen chloride and water,
and formation of the final product – mixed sodium
iron zirconium sulfate phosphate according to the
equation:

NaCl + 0.5Fe2O3 + ZrOCl2 +2H3PO4 + H2SO4 
= NaFeZr(PO4)2SO4 + 3HCl + 2.5H2O.

The single-phase NaFeZr(PO4)2SO4 was prepared
upon grinding–pressing–annealing (600°C) cycle
repeated many times. The obtained image of the sam-
ple leads to the conclusion that its grain structure is
inhomogeneous, the grain size varying from 1 to 5 μm
(Fig. 1). The microprobe analysis data demonstrated
the homogeneity of grain composition being given by
Na0.98(3)Fe1.02(5)Zr0.99(3)P2.06(4)S0.95(4)O12.

According to powder X-ray diffraction data,
NaFeZr(PO4)2SO4 (Fig. 2) crystallizes in the NZP

structure (space group  Z = 6) with the following
unit cell parameters: a = 8.750(4) Å, c = 22.626 (9) Å,
V = 1500(1) Å3. The powder X-ray diffraction data
indicate that as the NaFeZr(PO4)2SO4 is heated above
600°C, the unit cell parameters of the sample grow.
This is related to a decrease in the content of SO4
anions (which are smaller than PO4) because of the
partial loss of sulfur as SO3. The thermal decomposi-
tion of NaFeZr(PO4)2SO4 was studied by subjecting
the sample to isothermal annealing at 650 and 700°C.
The sample was kept at each temperature for 24 h.
After the single-phase sample was kept at 650°C, the
loss of sulfur was 60 wt % according to microprobe anal-
ysis data; after being kept at 700°C, the sample contained
less than 20 wt % of the initial amount of sulfur and rep-
resented a mixture of Na1.4Fe0.6Zr1.4(PO4)2.8(SO4)0.2 and
Fe2O3 phases. The DTA curve of NaFeZr(PO4)2SO4
showed an endotherm at 730°C associated with ther-
mal decomposition.

As noted above, the sample stoichiometry can help
to prevent the loss of sulfur during the synthesis of
Pb2/3FeZr(PO4)7/3(SO4)2/3. The powder X-ray diffrac-

3 ,R c

Fig. 1. Micrograph of the NaFeZr(PO4)2SO4 sample.
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Fig. 2. X-ray diffraction pattern of the NaFeZr(PO4)2SO4
sulfate phosphate.
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Fig. 3. IR spectrum of Pb2/3FeZr(PO4)7/3(SO4)2/3. 
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tion data indicate that a target phase with iron(III)
oxide impurity is formed at 600°C. The degree of crys-
tallinity increases with temperature rise and at 750°C,
a single-phase sulfate phosphate with the NZP struc-
ture is formed.

The DTA of the reaction mixture with the stoichi-
ometry Pb2/3FeZrP7/3S2/3O12 in combination with
powder X-ray diffraction data indicate that the endo-
therms are related to decomposition of the starting
reagents, which form the heterogeneous system
(380°C), and to the crystallization (750°C) and its fol-
lowing decomposition, leading to formation of
PbFeZr(PO4)3 (1195°C) with NZP structure as the
major product.

The IR spectrum of Pb2/3FeZr(PO4)7/3(SO4)2/3,
space group , is presented in Fig. 3. In the 
space group (D3d point group), the  and 
ions occupy positions on a 2 axis (C2 site symmetry).
The vibrations of C2 site-symmetric ions are transformed

3R c 3R c
−3

4PO −3
4SO

in the following way: the A (ν1) mode becomes active and
the degeneracy of the E → 2A (ν2) and F2 → A + 2B (ν3, ν4)
modes is completely eliminated. The D3d point group
leads to further transformation of the vibrations: A → Eu
(ν1), 2A → 2Eu (ν2), and A + 2B → 2A2u + 3Eu(ν3, ν4).
Thus, in the IR spectrum, the selection rules allow five
asymmetric stretching modes (ν3), one symmetric
stretching mode (ν1), five asymmetric bending modes
(ν4), and two symmetric bending modes (ν2) for each
tetrahedral ion. Since the differences between the sul-
fur and phosphorus oxidation states and atomic
masses are slight and the interatomic distances char-
acteristic of the S–O and P–O bonds are similar for
the same coordination number, the S–O and P–O
vibration frequencies and the positions of bands in the
spectrum of the sulfate phosphate coincide. The
absorption bands at 1220–1000 cm–1 were assigned to ν3
asymmetric stretching modes of the (P,S)O4 ion. The
appearance of the high-frequency band at 1204 cm–1 is
attributable to a contribution of the electron density of
the highly charged small Fe3+ and Zr4+ ions to the
(P,S)–O bond. The band at ~957 cm–1 was assigned to
the ν1 symmetric stretching modes. The bands at 640–
550 cm–1 are due to the ν4 bending modes and the
424 cm–1 corresponds to the ν2 bending mode of the
tetrahedral (phosphate and sulfate) ions.

The structure of Pb2/3FeZr(PO4)7/3(SO4)2/3 was
refined for room temperature by the Rietveld method.
Figure 4 shows the experimental and calculated line
and difference X-ray diffraction patterns. The struc-
ture refinement proceeded from the data for the
PbFeZr(PO4)3 analog (space group ) [25]. The data
collection details, unit cell parameters, and selected
structure refinement details are given in Table 1.

The structure of Pb2/3FeZr(PO4)7/3(SO4)2/3 corre-
sponds to the NZP type. The refinement was carried
out assuming that owing to similarity of the ionic radii
and electronegativities, the Fe3+ and Zr4+ cations ran-
domly occupy two crystallographically equivalent
framework sites L octahedrally coordinated by oxygen
atoms in the sulfate phosphate structure (2 × 12c). The
phosphorus and sulfur atoms occupy the only type of

3R c

Table 1. Data collection details and structure refinement
parameters for Pb2/3FeZr(PO4)7/3(SO4)2/3

Characteristics Pb2/3FeZr(PO4)7/3(SO4)2/3

Space group, Z R c, 6
a, Å 8.6339(4)
c, Å 23.2991(9)

V, Å3 1504.1(1)

ρX-ray, g/cm3 4.159(1)

2θ range, deg 10.00–110.00
Scanning step 0.02
Number of ref lections 214
Number of refined 
parameters

28

Reliability factors
Rwp, % 3.24
Rp, % 2.20
S 2.9103

3

Table 2. Atom coordinates and displacement parameters and occupancies (q) of the basis atoms in
Pb2/3FeZr(PO4)7/3(SO4)2/3

Atom Site x y z Biso q

Pb 6b 0 0 0 1.94(7) 0.6667
Fe 12c 0 0 0.14933(9) 1.94(7) 0.5
Zr 12c 0 0 0.14933(9) 1.94(7) 0.5
S 18e 0.2834(6) 0 0.25 1.94(7) 0.2222
P 18e 0.2834(6) 0 0.25 1.94(7) 0.7778
O(1) 36f 0.1718(8) –0.050(1) 0.1892(3) 1.94(7) 1.0
O(2) 36f 0.1957(7) 0.1653(7) 0.0969(3) 1.94(7) 1.0
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tetrahedrally coordinated framework cationic sites
(18e). Relatively large Pb2+ ions occur in the M1 struc-
ture cavities, to occupy 2/3 of these sites. The refine-
ment of Pb2+ occupation of extra-framework M2 cav-
ities demonstrated that these sites remain vacant. The
atom coordinates, displacement parameters, and basis
atom occupancies are summarized in Table 2. The cal-
culated bond lengths (Table 3) and bond angles are
within the standard ranges for NZP phosphates and
sulfates. A fragment of the Pb2/3FeZr(PO4)7/3(SO4)2/3
structure is shown in Fig. 5.

The structure of Pb2/3FeZr(PO4)7/3(SO4)2/3 com-
prises a framework of vertex-sharing (Fe,Zr)O6 octa-
hedra and (P,S)O4 tetrahedra. The key structural
unit of the framework is a lantern consisting of two
octahedra and three tetrahedra. These lanterns form
parallel columns arranged along the crystallo-
graphic c axis. The occupation of the tetrahedral
sites in Pb2/3FeZr(PO4)7/3(SO4)2/3 by sulfur cations,
which are smaller than phosphorus, results in cell con-
traction along the crystallographic axes and distortion
of tetrahedra. The (P,S)–O distance varies from 1.554
to 1.691 Å. The difference between the (P,S)–O bond
lengths results in lantern twisting along the a axis and
compression along the c axis (with respect to the lan-
tern formed in the unsubstituted phosphate).

The possibility of using of mixed NZP sulfate
phosphate for elucidating the relationship between the
composition (determining the size of the rhombohe-
dral cell) and the crystal thermal expansion parame-
ters (controlled by the LTEC). The thermal expansion
of the Pb2/3FeZr(PO4)7/3(SO4)2/3 sulfate phosphate
was studied by variable-temperature X-ray diffraction.
The plots of unit cell parameters a and c vs. tempera-
ture are shown in Fig. 6. These plots are linear: both
unit cell parameters increase with temperature, which
is caused by the correlated rotation of the tetrahedra
and octahedra around the c axis inherent in NZP
compounds [9]. The thermal expansion coefficients of
Pb2/3FeZr(PO4)7/3(SO4)2/3 are: αa = 0.97 × 10–6, αc =
3.2 × 10–6, and αav = 1.7 × 10–6°C–1. This compound
refers to the low-expansion class. Both thermal expan-
sion coefficients αa and αc are positive, αa < αc, which
brings about some anisotropy. The thermal expansion

Fig. 4. Experimental (continuous line) X-ray diffraction spectrum of the synthesized sample and calculated (asterisks) X-ray dif-
fraction spectrum of Pb2/3FeZr(PO4)7/3(SO4)2/3. The vertical bars show the positions of reflections of the theoretical X-ray dif-
fraction pattern, the curve in the lower part of the figure is the intensity difference curve between the experimental and theoretical
spectra.
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Table 3. Selected interatomic distances in the (Fe,Zr)O6
and (P,S)O4 polyhedra in Pb2/3FeZr(PO4)7/3(SO4)2/3

Bond d, Å Bond d, Å

Pb–O2 (×6) 2.744(7) (P,S)–O1 (×2) 1.691(8)
(Fe,Zr)–O1 (×3) 1.775(5) (P,S)–O2 (×2) 1.554(5)
(Fe,Zr)–O2 (×3) 2.016(6)



628

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 61  No. 5  2016

PET’KOV et al.

anisotropy is |αa – αc| is 2.2 ×10–6K–1. As we sug-
gested, targeted combination of different tetrahedral
anions, of which one is phosphorus and the other
(smaller) one is sulfur, in an NZP structure resulted in

a decrease in the framework dimensions and cavities.
Thus, we were able to obtain low-expansion sulfate
phosphate with smaller extra-framework cation
(cheap Pb) instead of larger (and more expensive) cat-
ions commonly used in monoanionic phosphates.

Thus, the deliberate search for compounds with the
NZP structure and low thermal expansion resulted in the
synthesis of mixed sulfate phosphates, NaFeZr(PO4)2SO4
and Pb2/3FeZr(PO4)7/3(SO4)2/3. The phase formation,
thermal stability, and thermal expansion of the products
were studied. The Pb2/3FeZr(PO4)7/3(SO4)2/3 sulfate
phosphate has low volume thermal expansion with
slight anisotropy. The results of our study exten the
published data on mixed NZP phosphates. By varying
the composition of the sulfate phosphates while
retaining the stable structural units (lanterns) forming
the crystal frame, one can smoothly adjust the unit cell
size (and symmetry) and finely correct the thermal
expansion parameters using abundant and available
elements.
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Fig. 5. Fragment of the structure of Pb2/3FeZr(PO4)7/3(SO4)2/3.
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