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In the binary system (1—x)Li,SO4—xNa,SOy, the solid—solid phase transitions and
energy storage properties of Li,SOy4, Na,SOy, the binary compound LiNaSO, and two
eutectoids (E;: 0.726Li,S04—0.274Na,SO4; E,: 0.03Li,S04—0.97Na,S0O4) were
investigated by X-ray diffraction and differential scanning calorimetry. Li,SO,4 has a
solid—solid phase transition at 578 °C with the transition enthalpy 252 J g~'. The
binary compound LiNaSO, gives a slightly lower enthalpy value, 214 J g~' and its
transition temperature is clearly reduced to 514 °C. The transition enthalpy of the
eutectoid E; is maintained to 177 J g~' and its transition temperature is further
reduced to 474 °C. Li,SO,4, LiNaSO,4 and the eutectoid E; are applicable phase
transition materials because of their large transition enthalpies. The enthalpies of
Na,SO, and the eutectoid E, are not very high (~45 J g"), but their transition
temperatures are quite low (~250 °C); thus their transition properties may be applied
at such low temperatures.

Keywords: phase transition; energy storage; (1—x)Li,SO4—xNa,SO, system;
eutectoid

1. Introduction

With the development of the global economy, demand for energy has increased rapidly.
Consequently the energy crisis has been a serious problem for the human society. Invent-
ing all possible high-techs to improve energy utilization is of great significance for sus-
tainable development. Phase transition materials are one kind of energy materials, which
can be used to reserve thermal energy by their large transition enthalpies.[1] The phase
transition materials are widely applied in the thermal storage of solar energy,[2] passive
storage in bioclimatic building,[3] clothing [4] and so on. In the present work, solid—solid
phase transition materials are considered due to their advantages over solid-liquid phase
transition materials, such as less stringent requirements for containers and more flexible
designing.[5] Na,MoOQ, is one of the solid—solid phase transition materials. Within the
temperature range 450-650 °C, this material undergoes three solid—solid phase transitions
with total transition enthalpy AH = 201 J g~'.[6] By screening several tens of inorganic
compounds, we found that Li,SO, and Na,SO,4 have the solid—solid phase transitions at
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578 and 243 °C with relatively large transition enthalpies of 252 and 49 J g ',
respectively.

For different applications, the phase transition materials with various transition temper-
atures are demanded. One approach to change the transition temperature for a given mate-
rial is to modify its composition in the solid solution range; for example, by replacing
WO0,2~ for MoO,>” in the binary system Na,Mo;_,W,O,, the transition temperature
increased, while by replacing S0,%~ for MoO,*~ in the binary system Na,Mo;_,S0,, the
transition temperature decreased. In the Na,Mo; _,W,0, and Na,Mo; _,S,O, systems, the
transition enthalpies were reasonably maintained.[7] The phase diagram of (1—x)Li,SO4—
xNa,SO, system was first determined by Nacken [8] and revised later by other authors,[9—
11] which is represented in Figure 1. In this system, one binary compound (LiNaSO,) and
two eutectoids (E;: 0.726Li,S04—0.274Na,SOy; E,: 0.03Li1,S04—0.97Na,S0,) are formed.
These three compositions show different solid—solid phase transition temperatures. If these
three compositions have large transition enthalpies, they may be applied as new phase tran-
sition materials. In this work, the solid—solid transition behaviors of Li,SO,4, Na,SOy,,
LiNaSO, as well as two eutectoids are investigated. Additionally, the structure changes
during the phase transitions for the three compounds were discussed.

2. Experimental

Li,SO4 (AR) (‘AR’ stands for ‘analytical reagent’) and Na,SO, (AR) were used as raw
materials, which were dried in an oven at 150 °C for 2 h to remove absorbed H,O. Ini-
tially the binary compound LiNaSO,4 were prepared by using conventional solid reactions.
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Figure 1. Phase diagram of the binary system (1—x)Li,SO4—xNa,SOy, [8] where ‘ss’ is the abbre-
viation of ‘solid solution’.
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The raw materials Li,SO,4 and Na,SO,4 were weighed in 1:1 (mole ratio) and then thor-
oughly mixed by grinding using an agate mortar and pestle. The mixture was calcined at
550 °C for 12 h in alumina crucibles. After cooling and re-grindings, the powder samples
of LiNaSQO,4 were obtained. The two eutectoid samples were prepared by mixing Li,SO,4/
LiNaSOQy (for E;) and LiNaSO4/Na,SOy (for E,) in appropriate amounts and the two sam-
ples were also thoroughly ground.

In this work, it was found that the thermal history affects the structure of Na,SO, at
room temperature. To understand this effect, two samples of Na,SOy4(cr) (‘cr’ stands for
‘crystallized”) and Na,SOy4(co) (‘co’ stands for ‘cooling’) were prepared. The raw mate-
rial Na,SOy4 (~1 g) was dissolved in ~30 mL H,O. After evaporation and drying on a hot
plate, Na,SOy(cr) was crystallized. Na,SOy4(co) was acquired by heating Na,SO,4 (~1 g,
raw material) at 300 °C for 30 min, and then by cooling to room temperature.

The sample phases were analyzed by using a Rigaku D/max-2000 X-ray diffractome-
ter (XRD) operating at 40 kV and 100 mA in the reflection mode with Cu Ku radiation
(4 = 1.5418 A). Diffraction data were collected in the 26 range 10°-60° with a scanning
rate of 6° min~'. The phase transition temperatures and enthalpies of all prepared samples
as well as raw materials Li,SO, and Na,SO,4 were measured by using a differential scan-
ning calorimeter (DSC 131, Setaram instrument, France) in argon atmosphere (99.999%)
with a flow rate 30 mL min~'. The measurements were conducted in heating and cooling
cycles with the rate 5 °C min~'. The temperature and heat flow rate of the instrument are
calibrated by In, Bi and Zn standards to ensure the accuracy and repeatability of data.
During the measurements, the samples were placed in aluminum microcells and an empty
aluminum microcell was used as reference.

3. Results and discussion
3.1. Phase characterizations

For understanding the phase transition process well, the phases of the prepared samples
LiNaSOQ,, Na,SO, (raw material, abbreviated as rm), Na,SOy4(cr) and Na,SOy4(co) were
analyzed. Figure 2 represents the XRD pattern of the binary compound LiNaSO,4, which

LiNaSO,

e

JCPDS 20-638

Intensity(a.u)
-

J U
20 25 30 35 4 45 50
2 Theta (Degree)

Figure 2. XRD patterns of as-prepared LiNaSO, and JCPDS file 20-638.
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Figure 3. XRD patterns of (a) Na,SO4(rm), (b) Na,SO4(co) and related JCPDS files.

is consistent with Joint Committee on Powder Diffraction Standards (JCPDS) file 20-638
(B-LiNaSOy, low temperature phase). No impurity peaks are observed in the pattern,
which indicates that the obtained sample is the pure-phase 8-LiNaSO,. This phase has a
trigonal unit cell (space group P3,c¢) with cell parameters a = b = 7.6190A, ¢ = 9.849A,
a=pB=90,y=120"[11]

XRD patterns of Na,SO4(rm) and Na,SO4(co) were represented in Figure 3. The pat-
tern of Na,SOy4(rm) agrees with the JCPDS file 37-1465, indicating that Na,SO4(rm) has
the orthorhombic unit cell (space group Fddd) with the cell parameters a = 5.8582 A b=
12.2990 A and ¢ = 7.98138 A. This orthorhombic phase was named as Phase V in refer-
ence.[12] The pattern of Na,SOy4(co) is the same as that of JCPDS file 83-1570, which was
named as Phase III [12] and this phase also has the orthorhombic unit cell (space group
Cmem) with the cell parameters a = 5.63041 A, b = 9.04343 A and ¢ = 7.03771 A.
Although the XRD patterns of both Na,SO4(rm) and Na,SOy4(co) were measured at room
temperature, they clearly show different structures. After being heated over the solid—solid
phase transition temperature (above 239 °C), Phase V of Na,SOy4(rm) transforms to Phase
I of Na,SO,4 (co). The pattern of Na,SOy(cr) (not shown) is identical to that of
Na,SO4(rm), which means that Na,SO, crystallized from aqueous solution takes the struc-
ture of Phase V and Na,SO4(rm) may be produced by the crystallization from aqueous
solution. Up to now we have not found any way to transform Phase III to Phase V.

3.2. Phase transitions of Li,SO,4, LiNaSO, and the eutectoid E,

The phase transition temperatures and enthalpies of Li,SO,4, LiNaSO,4 and the eutectoid
E; (0.726Li,S04—0.274Na,S0,4) were measured by DSC. The typical DSC curves with
heating and cooling cycles are represented in Figure 4. Actually, the measurements with
the heating—cooling cycles were repeated several times and all the DSC curves for each
sample were almost identical, which means that the phase transition characters of the
materials studied are thermally stable.

The phase transition character of Li,SO4 was shown in Figure 4(a). In the heating pro-
cess, an endothermic peak appears at 578 °C, corresponding to a solid—solid phase transi-
tion with the transition enthalpy AH = 252 J g', which agrees well with the reported
value (AH = 28.84 kJ mol ' = 2623 J g_l).[13] In the cooling process, an exothermic
peak appears at 571 °C with the enthalpy value AH = —247 J g~ '. The absolute value of
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Figure 4. DSC curves of (a) Li,SOy, (b) LiNaSO4 and (¢) the eutectoid E;.

AH for the cooling process is in accordance with that for the heating process, but com-
pared with the heating process, the transition temperature has 7 °C overcooling.

The low-temperature phase of Li,SO4 named as $-Li,SO, takes the monoclinic unit
cell (space group P12;/al) with the cell parameters a = 8.2390 A, b =49536 A, c =
84737 A, B = 107.98°,[14] while the high-temperature phase named as «-Li,SO, takes a
face-centered cubic unit cell (space group Fm 3 m) with the cell parameter a = 7.07 A[15]
The structures of 8-Li,SO4 and «-Li,SO4 are shown in Figure 5. In the low-temperature
phase, SO4>~ tetrahedron groups take tetrahedron structure in fixed direction, but in the
high-temperature phase, the SO,*~ tetrahedron groups take two directions, each of which
has 50% probability; thus the SO, groups are represented as cubes. It is considered that in
a-Li,SOy, the SO4*~ tetrahedron groups can rotate between two directions; thus the phase
contains more inner energy, which benefits the large AH value of the phase transition.

LiNaSQ, is considered as a fast ionic conductor that has attracted a lot of attentions.[16]
In this work, the phase transition properties of LiNaSO,4 are mainly concerned. In the heat-
ing process, LiNaSO4undergoes a solid—solid phase transition at 514 °C with the transition
enthalpy AH = 214 J g~ [Figure 4(b)]. In the cooling process, the exothermic peak of the
phase transition appears at 517 °C with the enthalpy value AH = —213 J g~ ', which indi-
cates that in the phase transition, almost no overcooling occurs and the absolute values of
AH are almost identical for both of the heating and cooling processes. The AH value
was also reported by Rojas (AH = 130 J g~ ') [17] and Freiheit (AH = 20.8 kJ mol™' =
165.1 T g~ 1).[18] The value reported in this work is larger than the above reference data.
This difference possibly came from the measuring error in different labs.
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Figure 5. Structures of (a) 8-Li,SO,4 (low-temperature phase) and (b) @-Li,SO,4 (high-temperature
phase).

rotating tetrahedrons

Q Li

The structures of LiNaSO, (both high-temperature and low-temperature phases) are
shown in Figure 6. The low-temperature phase has the trigonal unit cell (space group
P3,c) with the cell parameters ¢ = 7.6190 A and ¢ = 9.849 A,[11] and the high-tempera-
ture phase belongs to the body-centered cubic structure with the cell parameter a = 5.77
A.[19] Since we do not have detailed data for the high-temperature phase, in Figure 6(b),
only unit cell rather than the detailed structure is illustrated and the structure change dur-
ing the phase transition cannot be well discussed. In the low-temperature phase, Lit or
Na®* takes its own site. In the high-temperature phase, it is assumed that if the balls repre-
sent the SO,*~ tetrahedrons, Li*" and Na™ randomly occupy the interstitial sites. The

o
c
[ A) SO * tetrahedron
a b Q@ Li
Q Na

Figure 6. Structures of (a) B-LiNaSO, (low-temperature phase) and (b) «-LiNaSO, (high-
temperature phase, only unit cell).
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transition from the ordered distribution to the disorder distribution of the cations and the
possible rotation of the SO4*~ tetrahedrons may supply the inner energy of the high-
temperature phase.

It is deduced that in the binary eutectic system, the melting enthalpy for the sample
with the composition at the eutectic point should not be larger than that of the end com-
pound with larger melting enthalpy.[20] Similar rule should be applied for the eutectoid
system. The data in Figure 4(c) indicate that the E; sample has transition enthalpy AH =
177 J g~ ', less than the transition enthalpy of Li,SO, of 252 J g™, but similar to the larg-
est transition enthalpy AH = 186.5J gflwith the lowest temperature (462 °C) in the three
solid—solid phase transitions of NaMoQ,.[7] The data also show that the transition tem-
perature (~474 °C) is clearly lower than those of both Li,SO, and LiNaSQ,, indicating
that the eutectoid compositions may contribute new phase transition materials applied in
different temperatures from the end compositions. Below 474 °C, the E; sample is the
mixture of Li,SO,4 and LiNaSO,4 with their low-temperature structures. However, above
this temperature it takes the high-temperature structure of Li,SO4. In both heating and
cooling processes, more than one peak was observed, possibly because the sample com-
position slightly deviated from the eutectoid point.

3.3. Phase transitions of Na,S0O, and eutectoid E,

Figure 7 represents the DSC curves of Na,SQO, in the different heating and cooling cycles.
In the heating process for the first cycle [Figure 7(a)], the exothermic peak appears at
242 °C with AH = 78 J g~'. However, in the cooling process, two exothermic peaks are
observed at 241 °C with AH = —32 J g~ ' and at 234 °C with AH = —17 J g~ '. The total
enthalpy (in absolute value) in the cooling process is clearly smaller than that in the heat-
ing process. In the second as well as subsequent cycles, the absolute values of the transi-
tion enthalpy for both of the heating and cooling processes are almost identical. Although
the phase transition enthalpy of Na,SO, is not very large, its transition temperature is
quite low; thus as the phase transition material, it may be used at relatively low
temperature.

The XRD results indicated that the raw material Na,SO4(rm, Phase V), which may be
crystallized from aqueous solution, has a different structure from that of the Na,SO4(co,
Phase I1I); thus it is understandable that in the first cycle, the transition enthalpy in the heat-
ing process is different from that in the cooling process. Brodale and Giauque have

8 8
4 § . 6 .

6 (a) Na,SO, in the first cycle onset: 241°C (b) Na,SO, in the second cycle onset: 239°C
g 41 AH=-49 /g g 4 AH=-49 /g
E £ 24 .
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Figure 7. DSC curves of Na,SO;,: (a) first heating and cooling cycle and (b) the second cycle.
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reported that Na,SO, had five different crystal structures, named as Phase I to Phase V.[21]
During the first heating process, only one DSC peak appears, indicating that Na,SO, trans-
forms directly from Phase V to Phase I (high-temperature phase) above 240 °C and in the
cooling process, two peaks are observed, indicating that two phase transitions occur, corre-
sponding to the transitions in the sequence Phase I — Phase II — Phase III. Phase II is an
intermediate phase with a narrow temperature range. In the re-heating process, Phase III
directly transforms to Phase I without appearance of Phase II. Normally Phase IV cannot
be observed.[20,22]

Based on the data in the reference [23], the Na,SO, structures of Phase I to Phase V
(without Phase IV) are represented in Figure 8 and the unit cell parameters are listed in
Table 1. In all the structures, SO,>~ groups are isolated by Na™ cations. In Phase I,
Phase I and Phase III, the arrangement of the Na ™ cations and the SO4>~ groups is similar
and the main difference among them is that the SO4*~ groups tilt in different directions and

¢ _ Q SO,> deformed
b dodecahedron

ONa

A/ SO,* tetrahedron 0
Q@ Na . A SO,* tetrahedron

* Q@ Na
Figure 8. The structures of Na,SO,: (a) Phase I (high-temperature phase), (b) Phase II (intermedi-

ate phase), (c) Phase III (room temperature stable phase) and (d) Phase V (crystallized phase at
room temperature).
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Table 1. Unit cell parameters and space groups of various phases of Na,SOy.

Phase Crystal system Space group a (A) b (A) c (A)

Phase | hexagonal P63/mmc 5.39357 5.39357 7.24651
Phase I1 orthorhombic Pbnm 5.30991 9.46928 7.14360
Phase III orthorhombic Cmcem 5.63041 9.04343 7.03771
Phase V orthorhombic Fddd 5.8582 12.2990 7.98138

the positions of the Na™ cations are slightly shifted. In the high-temperature phase (Phase I),
the material has more inner energy; thus the tetrahedral SO,*~ groups randomly take
three directions in 120° difference, which are represented as deformed dodecahedrons.
Since the transitions among Phase I, Phase II and Phase III belong to the displacive
phase transitions, their space groups have supergroup and subgroup relations.[19] Cmcm
(Phase IIT) is a subgroup of P63/mmc (Phase I) and Pbnm (Phase II) is a subgroup of
Cmcm. The structure of Phase V has a relatively large difference from those of the above
three phases.

According to our results and the reported data in references,[22] the phase transitions of
Na,SOy, are illustrated in Figure 9 for the first heating and cooling cycle and Figure 10 for
the second and subsequent cycles. The transitions from Phase V to Phase I, from Phase III
to Phase I (in heating process) and from Phase I to Phase II (in cooling process) correspond
to order/disorder transition; thus the relative large enthalpies are involved, while for the
transition between Phase II and Phase III (from Phase II to Phase I and from Phase III to
Phase II), only a small direction tilt occurs for the SO4>~ tetrahedrons; as a result, the tran-
sition enthalpy is relatively small. Phase V only appears in the first cycle and disappears in
the subsequent cycles.

The DSC curves of the eutectoid E, are represented in Figure 11. The composition of
the E, sample is very close to the end compound Na,SOy; thus its transition properties

(a) Phase I (P6,/mmc)
O—/o 8/0
Q
Q ‘
39
0/0 0/0
AH=32J/g
(b) Phase II (P bnin)
*—@—9
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= [*] A
AH,=78 Jig o0
&40 5
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[~ 2
. ! 06’49 AH=17 J/g
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o L
SWe [ o P —0
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J— 1

Figure 9. Phase transitions of Na,SOy, in the first heating and cooling cycle.
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Figure 10. Phase transitions of Na,SO, in the second and subsequent heating and cooling cycles.

are very similar to those of Na,SO,4. The DSC profile in the first cycle in Figure 11(a) is
different from that in the second cycle and consequently circles in Figure 11(b). In the
heating process for the first cycle, the transition occurs at 254 °C, very similar to that of
Na,S0O,, with transition enthalpy AH = 69 J gfl, slightly smaller than that of Na,SO,. In
the cooling process, two exothermic peaks with ~20 °C overcooling are observed, with
total enthalpy AH = —46 J g~ !, which is clearly smaller than that in the heating process.
In the second and subsequent cycles, the total transition enthalpies for both of the heating
and cooling processes are almost identical and slightly smaller than those of Na,SO,.
Both Na,SO, and Li,SO4 have similar structures, in which the SO42_ tetrahedrons are
isolated by cations (Na™ or Lit). However, they have quite different phase transition
properties. Li;SO,4 has much higher transition temperature and enthalpy than Na,SO,.
We consulted the bond energy (BE) of Li—O and Na-O. It is found that the difference of
the phase transition properties between Li,SO,4 and Na,SO4 may be understood by the
BE data of Li—O and Na—O. During the phase transition process, the M—O bonds (M = Li
or Na) are twisted. Since the Li—O bond (340.5 kJ mol ') has a larger BE value than the
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Figure 11. DSC curves of the eutectoid E,: (a) first heating and cooling cycle and (b) the second
cycle.
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Na—O bond (270.0 kJ mol ') in the transition,[24] a relatively high energy barrier has to
be overcome for Li,SO4.

4. Conclusions

The solid—solid phase transition properties of Li,SO,4, Na,SOy,, the binary compound
LiNaSO, and two eutectoids (E;: 0.73Li,SO4—0.27Na,SO4; E,: 0.03Li,SO4—
0.97Na,S0,) in the binary system (1 —x)Li,SO4—xNa,SO,4 were investigated by XRD and
DSC. Li,S0, is quite a good phase transition material: its solid—solid transition occurs at
578 °C with the transition enthalpy 252 J g™, comparable to the total value of three tran-
sitions of Na,MoQO,. Although the binary compound LiNaSO, gives slightly lower
enthalpy value (214 J g~ "), the transition temperature is clearly reduced to 514 °C. For
the eutectoid E;, the transition enthalpy is maintained to 177 J g~ ' and its transition tem-
perature is further reduced to 474 °C. Besides Li,SO,4, LiNaSO, and the eutectoid E; are
also applicable phase transition materials that may be used at different temperatures. The
results in this work indicate that searching for suitable binary (or even ternary) com-
pounds and eutectoid compositions is an effective way to find satisfied phase transition
materials. The composition of the eutectoid E, is very close to that of Na,SOy; thus these
two materials have similar phase transition properties. Although their enthalpy values are
not very high (~45 J g™ "), their transition temperatures are quite low (~250 °C); thus
they may be applied at such low temperature.
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