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Abstract

Materials with negative coefficients of thermal expansion (CTEs) can be used to prepare composites with specific CTE
values. Negative thermal expansion behavior can be primarily attributed to two types of mechanisms: phase transition-
and framework-type mechanisms. This paper reports Zr,SP,0,,, which has unique negative thermal expansion
behavior involving both mechanisms. Zr,SP,0;, undergoes a framework-type mechanism at temperatures <393 K or
>453 K and an isosymmetric phase transition at 393-453 K. The volumetric CTE of a-Zr,SP,0;5 is ~—70 p.p.m./K during
the isosymmetric phase transition, and this value can be decreased by decreasing the proportion of sulfur. The
minimum volumetric CTE of a-Zr,Sg9P>015.5 is ~—108 p.p.m./K in the temperature range of 393-453 K. Between 303
and 773K, the volume of a-Zr,SooP>015 _ g is reduced by ~1.3%. Finally, this paper presents methods for the
hydrothermal synthesis of a-Zr,SP,0;, and for controlling the sulfur content.

Introduction

Materials with negative coefficients of thermal expan-
sion (CTEs) are useful for preparing composites with
controllable thermal expansion behaviors. The mechan-
isms active in these materials with negative CTEs can be
classified into three categories: atomic radius contraction,
magneto-volume effect, and framework-type mechan-
isms'~7. Atomic radius contraction and the magneto-
volume effect are often combined into phase transition-
type mechanisms; phase transition-type materials have
large negative CTEs but narrow usable temperature ran-
ges. That is, the CTEs of these materials are positive at
temperatures outside the temperature range of the phase
transition, while they exhibit excellent performance
within the temperature range of the phase transition®.
These thermal properties might lead to problems when
composites containing phase transition-type negative
CTE fillers are exposed to unexpected temperatures. On
the other hand, framework-type materials tend to show
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thermal shrinkage over a wide temperature range and
have small absolute CTE values®. These materials are
usable over a wide temperature range. However, a large
amount of framework-type material must be mixed into
the matrix to decrease the CTE of the composite’ .
Thus, phase transition- and framework-type materials
have tradeoffs in terms of the application temperature
range and their CTE. Materials able to undergo both types
of mechanisms have never been reported.

A,M301,-type materials have a negative CTE originat-
ing from a framework-type mechanism'*™'%, with
Y,W30;, exhibiting the lowest CTE among A,M30;,-
type compounds'’. A,M30;, can be described as
A5(MOy)3, indicating two cations and three oxoanions. In
this case, A;(MQOy); may also be composed of a plurality
of oxoanions with a suitable cation A [e.g., Zry(WOy,)
(PO4), and Zr,(MoOg4)(PO4),]"®. NaZry(PO,); has a
similar chemical formula; however, it has a different space
group, R3c. The CTE found for the Na superionic con-
ductor (NASICON) structure based on NaZry(POy)s3
ranges from ~—5 to 5p.p.m./K*. We focused on a-
Zr,SP,015 with the NASICON structure. a-Zr,SP,0;, is
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known to form when zirconium phosphate gel, an ion
absorber, reacts with sulfuric acid®’. However, the mate-
rial properties of a-Zr,SP,O;, have never been reported.
In this study, we established a method for synthesizing a-
Zr,SP,01, and evaluated its CTE using powder X-ray
diffraction (PXRD). As discussed in this paper, the syn-
thesized a-Zr,SP,01, exhibits unique thermal expansion
behavior.

Materials and methods
Sample preparation

(NH4)H,PO, (Fuyjiflm Wako Pure Chemical Corp.,
Japan), ZrOCl,-8H,O (Fuyjifilm Wako Pure Chemical
Corp., Japan), and excess H,SO, (Fujifilm Wako Pure
Chemical Corp., Japan) were dissolved in deionized pur-
ified water. The obtained precursor was sealed in an
autoclave and reacted hydrothermally at 283-453 K for
2-7 days. The resulting product was dried at 573 K for
12 h and then calcinated at 673-1173 K for 4 h in air.

Characterization

PXRD patterns were collected at 303-773 K using a
Mini Flex 600 diffractometer (Rigaku, Japan) equipped
with a CuKa radiation source. The crystal structure
parameters were refined by Rietveld analysis using the
RIETAN-FP program®'. The obtained atomic coordina-
tion was visualized, and the bond lengths and angles were
measured using VESTA 3. The particle morphology was
observed by field emission scanning electron microscopy
(FE-SEM) (JSM-7500F, JEOL, Japan). The chemical
composition was estimated by inductively coupled plasma
atomic emission spectroscopy (ICP-OES; 5100 VDV,
Agilent Technologies, USA). Stock solutions (100 mg/L)
of zirconium, sulfur, and phosphorus (Fujifilm Wako Pure
Chemical Corp., Japan) were used to produce standards
for the ICP-OES calibration curves. The obtained pow-
ders were dissolved in an acid mixture containing 0.5%
HF and 5% HNO;. Differential scanning calorimetry
(DSC; DSC-8230, Rigaku, Tokyo, Japan) of the sample was
conducted at 300-773K (heating rate, 10 K/min) in
the air.

Results
Synthesis of a-Zr,S,P,0:, 5

The crystal structure of a-Zr,SP,0;, includes a corner-
sharing ZrOg4 octahedral unit and PO, or SO, tetrahedral
units, as shown in Fig. la. This crystal structure was
previously reported and indexed as hexagonal®. However,
the material properties of a-Zr,SP,O;, have not been
previously studied; a-Zr,SP>O1, has only been reported as
a product formed by the absorption of sulfuric acid by
zirconium phosphate gel. The synthetic method developed
for producing high-purity a-Zr,SP,0O;, was based on the
hydrothermal synthetic method for ZryWP,0,,%%%3. Fine
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a-Zr,SP,O;, was synthesized by heating following the
hydrothermal treatment of co-precipitates. The optimum
conditions for heating and hydrothermal treatment were
evaluated in this study since the temperature and duration
of hydrothermal treatment affect the crystallinity of the
final product. The optimal hydrothermal treatment tem-
perature and time were determined to be 453 K and >12h,
respectively (see Supplementary Figs. S1-S7 and Supple-
mentary Tables S1-S6 for details). Since the heating
conditions determine the chemical composition of the
obtained product, the relationship between the heating
temperature and S content in a-Zr,SP,O;, was investi-
gated (Fig. 1b). After heating at temperatures below 723 K,
the value of 25/Zr was >1 (the stoichiometric composition
of a-ZrySP,0;,), and ZrP,0O, was identified as an addi-
tional phase in the PXRD pattern (Fig. 1c). This indicates
that the reaction temperature was not sufficient to obtain a
single phase, resulting in unreacted sulfuric acid. After
heating at 723 K, the 2S/Zr value was ~1.0, corresponding
to the stoichiometric composition of a-Zr,SP,O1,, and the
PXRD pattern showed only a-Zr,SP,01, (Fig. 1c). Rietveld
analyses of the synthesized o-Zr,SP,0;, were performed
based on the space group R3¢ (#167) in the trigonal
crystallographic system. The refined crystallographic
parameters and reliability factors are provided in the
Supplementary information (Supplementary Fig. S8 and
Supplementary Table S7). The theoretical density of a-
Zr,SP,0,, was calculated to be ~3.0 g/cms.

The amount of S in the synthesized powder decreased
with increasing heating temperature, as shown in Fig. 1b.
The samples with 2S/Zr ranging from 0.48 to 1 contained
a single crystalline phase identified as Zr,SP,O1,. In
contrast, the samples with 2S/Zr = 0.43 and 0.44 included
a second phase, ZrO,. To determine the solid solubility
limit, the lattice constant was plotted as a function of 2S5/
Zr (Fig. 1d). The lattice constants of both the a- and c-axis
changed proportionally as 2S/Zr increased from 0.48 to 1.
This suggests that the Vegard law applies at 2S/Zr =
0.48-1 and that the obtained compound is single-phase a-
Zr3S99P2015 5. Thus, subsequent characterization and
evaluation focused primarily on «-ZryS,P2015 5
(x=0.48-1).

The morphology of a-Zr,S,P,0;, s was observed by
(Fig. 2). The particles with a stoichiometric composition
(a-ZrySPy045) exhibited cube-like shapes with dimen-
sions of ~200-300 nm. This unique shape is attributed to
the rhombohedral lattice of the space group R3¢ (#167)**,
The FE-SEM micrographs of o-Zr,S,P>015 5 (x =0.54,
0.76, and 0.9) also show essentially cubic particles (Fig. 2).
The similar shapes of the particles with different com-
positions are likely a result of the preparation method; the
a-Zr,S,P,015 _ 5 particles with x=0.54, 0.76, and 0.9
were heated at a temperature higher than the optimum
temperature used to obtain stoichiometric o-Zr,SP,01,
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Fig. 1 Synthesis of a-Zr,S,P,01, _ 5. a Crystal structure of a-Zr,SP,0;, (space group: R3¢c). P and S atoms occupy the same coordinates.
b Relationship between the heating temperature after the hydrothermal treatment of co-precipitates and the 25/Zr atomic ratio of the obtained
products estimated by ICP-OES. ¢ PXRD patterns of the obtained powders measured at 303 K. d Lattice constants of the obtained powders computed
by Rietveld analysis using the RIETAN-FP program.

particles. The cubic shape of a-Zr,SP,O;, was formed
during heating, and the S atoms were gradually released
without deforming the particles at higher temperatures.

Thermal expansion behavior

To estimate the CTE, the lattice constants and volumes
of the synthesized powders were calculated by Rietveld
analysis based on the PXRD patterns measured at
303-773 K (Supplementary Fig. S9). Figure 3 shows the
relationships between temperature and lattice constant
and between temperature and lattice volume. The a-axis
lattice constant of a-Zr,SP,01, remained nearly constant
at 0.880 nm from 303 to 393K and then increased to
~0.0883 nm from 393 to 453 K. At temperatures >453 K,
the lattice parameter decreased slightly with increasing

temperature. The c-axis lattice constant also remained
constant from 303 to 393 K and then decreased greatly as
the temperature increased from 393 to 453 K. Upon fur-
ther increasing the temperature, the c-axis lattice constant
increased slightly. Based on these results, the lattice
volume decreased over the studied temperature range.
The average-volume CTE, a,, in the temperature ranges
of 303-393, 393-453, and >453 K were —14.4, —70.0, and
—27.4 p.p.m./K, respectively. The S-deficient compound
a-ZryS,P,015 — s showed the same tendency; however, a,
became more pronounced. The calculated values of a, are
summarized in Table 1. The minimum a, value of —108 p.
p.m./K was observed for a-Zr,SyoP>01, _ 5 at 393-453 K;
this compound exhibited a volume reduction of ~1.3%
from 303 to 773 K. As mentioned above, the CTE of
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Fig. 2 FE-SEM micrographs of the obtained a-Zr,S,P,0;, _ s powders. Chemical composition was determined by ICP-OES.
(.

a-Zr,SP,01,, with the space group R3c, is lower than that
of other materials, such as Sc,W30;,, with the space
group Pbcn (a,= —6.5 p.p-m./K)*, and ZrMgMo3z015,
with the space group Prna2, (a, = 0.5 p.p.m./K)"".

Incidentally, good reproducibility of the above lattice
constant changes was observed. The lattice volume
obtained by high-temperature XRD was almost the same
for both heating and cooling (Supplementary Fig. S10).
Moreover, the chemical composition, determined by ICP-
OES analysis, before and after the experiment confirmed
that the material had not decomposed. First, a-Zr,SP;01,
was synthesized by heating at >723 K.

Discussion

The mechanism of the observed negative thermal
expansion was evaluated using DSC experiments (Fig. 4a).
The DSC results indicated a small endothermic peak at
~430K, corresponding to the significant shrinkage
observed in Fig. 3. This shrinkage is thought to originate
from a phase transition. However, the data suggest an
enthalpy of ~—3.6 mJ/mol, much smaller than the phase
transition enthalpies of typical ceramics (e.g., ~—35 J/mol
for the tetragonal-to-monoclinic phase transition of
Zr0,)%.

To confirm the phase transition, changes in atomic
coordination were estimated using the Rietveld method

based on the PXRD patterns (Supplementary Tables S8—
18) and visualized in VESTA 3%’. First, the space group of
a-Zr,SP,01, in the temperature range of 303-773 K was
determined to be R3c, indicating that the space group was
not affected by the phase transition. Second, the changes
in atomic coordination were explained by the temperature
dependencies of the bond angles and lengths. Figure 4b
shows the relationship between temperature and the
Zr—O-P (S) bond angles (i.e., the bond angles between the
ZrOg¢ octahedral units and the PO, or SO, tetrahedral
units). The Zr—-O1-P and Zr-O2-P bond angles were
estimated separately since the oxygen atoms occupy two
positions (O1 and O2), as shown in Fig. la. At tempera-
tures <413 K, the Zr—-O1-P bond angle remained nearly
constant at ~151.1°. When the temperature exceeded
413K, the temperature of significant shrinkage in Fig. 3,
both bond angles increased with increasing temperature.
At temperatures above 413 K, both bond angles increased
slightly with increasing temperature. In contrast, the
Zr-0O2-P bond angle increased with increasing tem-
perature throughout the temperature range evaluated in
this study. This bond angle showed a very large change in
the temperature range where significant volume shrinkage
occurred. Next, the deformation of the ZrOg octahedron
was evaluated based on the Ol-Zr and O2-Zr bond
lengths (Fig. 4c). At temperatures below 400 K, the O2-Zr
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Table 1 CTE values calculated from high-
temperature PXRD.
a, (p.p.m./K)

303-393 K 393-453K >453 K
a-Zr,5P,045 —14 —-70 -27
a-Zr,Sp9P>015 _ s —26 —108 -9
a-2r,5076P2012 — s —304 —101 -9
0-Z1,5054P>01> _ 5 —25 —101 —12
a-2r,5048P2015 — s —17 —94 —13

bond length was greater than the O1-Zr bond length, and
both remained nearly constant. In the temperature range
associated with the endothermic DSC peak, the O1-Zr
bond length increased with increasing temperature, while
the O2-Zr bond length decreased. As a result, the lengths
of O1-Zr and O2-Zr interchanged. In contrast, the O1-P
and O2-P bond lengths decreased slightly with increasing
temperature, although they did not change as much as the
O1-Zr bond length (Fig. 4d). This indicates that the PO,
or SO, tetrahedron did not change significantly with
temperature.

Based on the above results, the mechanism of negative
thermal expansion in a-Zr,SP,O15 can be summarized as
follows. At temperatures <393 K or >453 K, the ZrOg
octahedral and PO, (or SO,) tetrahedral units are hardly
deformed, while the Zr-O1-P and Zr-O2-P bond
lengths increase with increasing temperature. Thus, the
negative thermal expansion in these temperature ranges is
based on a framework-type mechanism, specifically the
rigid unit mode model*®™®'. In the temperature range
where significant shrinkage was observed, remarkable
deformation of the ZrOg octahedral unit occurred (Fig. 4e, f).
Based on the DSC results and the unchanged space group
at temperatures lower and higher than the temperature of
the endothermic peak, this deformation represents an
isosymmetric phase transition®?2. Thus, «-ZrySP,01
exhibits both framework- and phase transition-type
mechanisms. Moreover, the movement of all atoms in
the a-Zr,SP,01, lattice during heating was visualized; the
video shown in the Supplementary information indicates
that the observed thermal shrinkage originates from both
the framework- and phase transition-type mechanisms.

The CTE of a-Zr,S,P,01, _ s changed based on the value
of x. In particular, a significant decrease occurred in the
temperature range around the isosymmetric phase transi-
tion. For the stoichiometric composition (a-Zr,SP,015),
the ZrOg¢ octahedral unit connects to two SO, tetrahedral
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and four PO, tetrahedral units. A small number of defects
in the S tetrahedral unit affect the deformation of the ZrOg
octahedral unit, contributing to the large deformation of
the entire lattice. It is believed that S defects are formed in
the crystal structure, which leads to easy deformation.
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