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XH,PO4 ionic compounds have emerged as a viable electrolyte for intermediate temperature fuel cells,
and here have been subjected to thermal analysis to clarify their high-temperature properties. Thermo-
analytical peaks were identified at 231.5, 239 and 349°C for CsH,PO4; 127, 250 and 354 °C for RbH,POy;
232,270 and 319 °C for KH,PO4; 223,330 and 352 °C for NaH,PO4; also, 195 and 220 °C for LiH,PO3 (peak
temperature values as measured at the same heating rate of 10 K/min). The thermal events at 231.5°C

in CsH,PO4 and 127 °C in RbH,PO4 were previously interpreted as thermal decomposition by numerous
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researchers, but we confirm their origin in structural phase transition. The high-temperature variations
in KH,PO4 and NaH, PO, are entirely due to thermal dehydration rather than phase transition. We have
also examined LiH,POs3, and found, for the first time, an endothermic peak at 195 °C, and attributed it to
structural phase transition.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The XH,PO4-type compounds are comprised of hydrogen-
bonded tetrahedral oxy-anion (PO4) and monovalent cations (e.g.
X=alkali metal or NH,). These solid acid materials exhibit an
ordered arrangement of hydrogen bonds at room temperature
but, upon heating, undergo a structural transition to a disordered
state. Accompanying this so-called “superprotonic transition” is an
increase in its proton conductivity by several orders of magnitude
[1-5]. Its high conductivity, along with the fact that the proton
transport does not rely on the presence of water, makes it an excel-
lent candidate for the electrolyte in next generation fuel cells. Such
an application was first reported by Haile et al. [6], who used the
electrolyte CsHSO,. Later, they presented such fuel cells based on
CsH,POy4 as electrolyte and found that it can perform stably for over
one hundred hours of continuous operation [7]. Comparing with
the traditional polymer electrolyte fuel cells, solid acid fuel cells
with XH,PO4-type compounds as electrolyte offer several advan-
tages: anhydrous proton transport eliminates the need for auxiliary
humidification equipment; complete impermeability of the solid
acid materials to H, and O, results in measurably higher open
circuit voltages; complete impermeability to methanol makes pos-
sible the operation of high efficiency direct methanol fuel cells and
so on. Several challenges certainly remain, however, before solid
acid based fuel cells can be commercially viable.
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Recently, a dispute in literature as to whether or not these
solid acids undergo a true, polymorphic superprotonic transition
appeared, arising from the simultaneous occurrence of dehydra-
tion and phase transition in the heating process. Baranov et al.
[8], Romain and Novak [9], Preisinger et al. [10], Gupta et al. [11]
and Luspin et al. [12] attributed the increase in conductivity to a
structural transition to a stable, high-temperature phase, whereas
Lee [13,14], Ortiz et al. [15,16], Nirsha et al. [17] and Park et al.
[18,19] attribute it to water loss due to thermal decomposition,
in such a case, the rapid evolution of water from the compound is
responsible to a transient increase in conductivity, also, they argued
the thermal dehydration through the following chemical reaction:
nXHyPOy4(s) — XpHyPrO3p41(s) +(n — 1)H,0(v), where nis the num-
ber of molecules present in stoichiometric equation, the letter ‘s’
or ‘v’ enclosed in parenthesis denotes that the corresponding com-
pound is in the solid or vapor state. More Recently, Boysen et al. and
Otomo et al. demonstrated that a superprotonic phase transition
indeed occurred at around 228 °C prior to thermal decomposition
in CsH,PO4 crystal, through either the use of pressure or elevated
water partial pressures [20-22]. In addition to CsH,PO,4, materi-
als including CsHSeO4, NH4HSeO4, Rb3H(Se04);, K3H(SO4), and
so on are all studied. Given above observation of different com-
pounds, it is of relevance to establish whether alternative cation in
XH,P0O,4 family gives rise to the same chemical behavior as many
other researchers reported. In particular, we examine the com-
pounds CsH,PO4, RbH,PO4, KH,PO4 and NaH,PO,4 in this work
mainly via thermal analysis and present new data supporting the
position that a true structural phase transition occurs in CsH;PO4
and RbH;PO4 compounds. Also, we discussed the high-temperature
thermal behavior of a new compound LiHPO3;. Here some ther-
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mal analysis results at ambient pressure have been shown in this
paper.

2. Experimental
2.1. Materials

The compounds under study were prepared from aqueous
solutions by mixing stoichiometric amounts of correspond-
ing carbonate (X,CO3) and phosphorous acid (H3PO4) in
which the X:PO4 molar ratio was fixed at 1:1 according to
X,C03 +2H3P04 — 2XH,P04 +CO, +H,0. Rapid precipitation of
products was then induced by the introduction of methanol, and
the precipitates were filtered out. An alternative route of synthesis
proceeds via the reaction XOH +H3P0O4 — XH,PO4 +H,0, with pH
kept at 4.0, where the acidity facilitated good morphology of the
eventual crystals, after the resultant solution was heated to 80°C
to evaporate the water and induce crystallization [19]. The pow-
ders by either method were dried in an oven at 80°C for at least
6 h, both after preparation and prior to all measurements, in view
of their hygroscopicity.

2.2. Equipment

Prior to the detailed analysis of thermal behaviors of various
compounds, powder X-ray diffraction (XRD) patterns of the pow-
ders were recorded with a Rigaku Rotaflex RU-200B diffractometer
using Cu Ko radiation (A =1.5418 A), to confirm their identities and
chemical purities. In all cases no discernible diffraction peaks from
impurities have been detected, indicating that pure materials have
been obtained.

Differential scanning calorimetry (DSC) was performed in a
PerkinElmer Diamond DSC thermal analyzer, and thermogravimet-
ric analysis (TGA) in a PerkinElmer Pyris-6 instrument. In both cases
the sample sat in a platinum pan, to be heated at the same rate of
10K/min, to 500°C, in a dynamic atmosphere of dried N, flowing
at 50 ml/min, and the corresponding scan-time was controlled to
about 1h in the TG and DSC measurements. From a lot of itera-
tive measurements, the repeatable thermoanalytical results can be
confirmed.

3. Results and discussion
3.1. CsH»PO,

3.1.1. The literature debate and recent progress

In previous research of CsH,PO4, several high-temperature
phase transitions have been reported, especially, the variations
at 149 and 230°C have attracted the great interest of numerous
researchers. The earliest report on the topic of the thermal behavior
of CsH,PO4 by Rashkovich etal. [23] suggested that these two phase
transitions occur prior to thermal decomposition, whereas a latter
paper [24] by the same author concluded that these thermal events
are entirely owing to decomposition, which gradually developed
into the seed of drastic discussion referring to the high-temperature
behavior of CsH,PO4. Rapoportetal. [25] reported two polymorphic
transition temperatures as follows: a quasi-irreversible transition
at 149°C, a fully reversible transition at 230 °C which later would
be called “superprotonic transition” by Baranov et al. [26], but it
was associated with a slight weight loss for powdered samples
examined under ambient conditions. Subsequently, Wadaetal.[27]
reported that the transition at 230°C was observed by dilatome-
try measurements of single crystal samples, but the one at 149°C
was not. Simultaneously, Gupta et al. [11] reported a polymorphic
transition at 235°C prior to the maximum of thermal decompo-

sition, and the initiation of weight loss is also at around 235°C.
However, Nirsha et al. [17] confirmed that thermal events at 233 °C
and higher in CsH,PO, are entirely owing to thermal decomposi-
tion. Baranov et al. [4,8,26] reported a sudden ionic conductivity
jump at 230°C for CsH,;PO4 single crystal in which dehydration is
very slow compared to powdered sample, and suggested that the
high-temperature cubic phase above 230 °C was a superionic con-
duction phase and CsH; POy is a superprotonic conductor. Through
DTA measurements, Rashkovich et al. [23,24] reported two peaks
below 300 °C and concluded that CsH,PO4 crystal undergoes poly-
morphic transformation at 230 and 256°C when it is heated, in
the latter report, two maxima were observed in the dielectric con-
stant for CsH,PO4 crystal at 230 and 265 °C, confirming the initial
DTA results. Besides, Bronowska et al. [28] reported that the lattice
parameter of the crystal changes on heating above 149 °C, but the
space group above 149°C up to 230°C does not change. From the
temperature dependence of XRD pattern, they also observed the
structure changes connected with the phase transition at 230°C,
as well as the changes which were related to the decomposition of
the compound. According to the heat capacity measurements on
CsH,POy4, Vargas and Torijano [29] explained that a gradual change
of the excited phonon modes leads to the lattice parameter changes
observed at 149°C by Bronowska and Pietraszko [28]. Also, Lus-
pin et al. [12] reported two polymorphic transitions on heating
above room temperature: a first transition at 120°C and the sec-
ond one at 230°C. Nevertheless, a report by Lee [13,17] indicated
that the observed conductivity effects and the high-temperature
events occurring at around 230°C were entirely due to thermal
dehydration, and they suggested that the term high-temperature
phase transition should be replaced by the term onset of partial
polymerization at reaction sites on the surface. Subsequently, Ortiz
et al. [14,15] and Park et al. [18,19] published a series of papers
also taking the view that only thermal decomposition occurs at the
supposed superprotonic transition points. In parallel to the stud-
ies refuting a superprotonic transition in CsH, POy, several research
groups still support its existence [7,20,21,30].

3.1.2. Thermal analysis results

The temperature dependence of weight loss for a freshly pre-
pared CsH,PO4 powered sample is plotted in Fig. 1, and the whole
temperature range is from 100 to 450°C. From the TGA pattern
one can observe that when the crystal is heated at a constant heat-
ing rate, a weight loss of about 7.8% was observed in the whole
process. According to the dehydration reaction of CsH,PO4 crystal:
CsH,PO4 — CsPO3 +H,0, a weight loss of 7.83% is expected theo-
retically, and this value is in good agreement with the one from
our experiments, which indicates that the weight loss is entirely
due to dehydration. Two major variations in the water loss occur
and the maximum rate of dehydration is reached at 239 and 349 °C,
respectively, as the DTG pattern shows. On the basis of additional
DSC measurement on CsH,POy4 crystal from the same batch used for
the TGA measurement, we can also observe that two endothermic
peaks at around 239 and 349 °C correspond well to the DTG signal
peaks. Especially notable, a strongest peak at 231.5 °C has no corre-
sponding signal in the DTG plot, that is, in no case has the thermal
behaviorat231.5 °Cstemmed from the dehydration event, presum-
ably, which is the so-called high-temperature phase transition, as
many researchers reported. Haile [31] observed that the conduc-
tivity of CsH,PO4 immediately decreased after the transition at
around 230°C, which is due to dehydration if the superprotonic
phase did exist. Here, the observed DSC peak at 231.5°C followed
by a dehydration event at 239.8 °C seems to correspond very well
to this case. Wada et al. [27] showed that the transition at 230°C
was confirmed but the one at 149 °C was not. We also could not
detect any variation at around 149 °C. The present investigation of
CsH;PO4 crystal seems to agree with Haile et al. and Wada et al., and
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Fig. 1. TGA and corresponding DTG curves, DSC thermogram of CsH,PO4 heated at
10K/min under flowing 50 ml/min dry N, gas.

disagree with Ortiz, Lee and Park et al. In addition, Boysen et al. [7]
gave out the reasons to explain the literature discrepancies in tem-
peratures reported above, they suggested that surface area plays
a significant role in the thermal decomposition or dehydration of
CsH, POy, such as, the fine powder crystal can carry out dehydra-
tion at relatively low temperature, whereas for single crystal the
same weight loss will not be observed until higher temperature.
Especially, regardless of sample surface area, in all case a polymor-
phic transition independent of decomposition is clearly evident at
Tp ~230°C. Thus for CsH;PO4 our results support Haile and Boy-
sen’s suggestion.

3.2. RbH,PO,

3.2.1. The literature debate and recent progress

In recent decades, the behavior of RbH,PO,4 crystal on heating
above room temperature has also been studied and a high-
temperature event near Tp has been reported by a number of
workers [8,25,29,32-39]. However, there are considerable differ-
ences in the published reports concerning the behavior at T,. Based
on the dielectric constant, thermal analysis, thermo-microscopy
data, X-ray and so on, Park and Lee [13,40-44], Ortiz et al.
[35-37] have argued that RbH,PO4 compound does not undergo
a polymorphic phase transition prior to thermal decomposition
or polymerization, and claimed that this variation at Tp is due
to thermal decomposition process involving phosphate condensa-
tion and polymerization. Whereas others, including Blinc et al. [32]
and Baranov et al. [8], attributed it to a high-temperature struc-
tural phase transition, primarily on the base of optical observations,
Raman scattering, nuclear magnetic resonance (NMR). In addition,
Metcalfe and Clark [45] reported the variation temperature T is
scattered widely over the range between 80 and 120 °C, strongly
depending on the details of the sample preparation and experimen-
tal conditions. Furthermore, another variation from monoclinic
phase to an as-of-yet unidentified phase has also been reported at
Ty’ ~ 281°C[13].In parallel to the controversy regarding whether it
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Fig. 2. TGA and corresponding DTG curves, DSC thermogram of RbH, PO, heated at
10 K/min under flowing 50 ml/min dry N, gas.

is the existence of a structural phase transition or thermal decom-
position that give rise to the high-temperature variation at Tp, a
recent paper supported neither side. Boysen et al. [7] reported the
initial dehydration event in RbH,PO4 compound occurs at 257 °C,
without indication of either solid-solid or solid-liquid transition
prior to weight loss.

3.2.2. Thermal analysis results

The temperature dependence of weight loss for RbH,PO4 pow-
dered sample is plotted at the top of Fig. 2, which shows a weight
drop of about 9.9% in the whole heating process with onset at
around 238°C. From the dehydration reaction of RbH,PO4 crys-
tal: RbH,PO4 — RbPO3 + H, 0 [46], a weight loss of 9.87% in total is
expected theoretically, and the residue was RbPOj3 as identified by
powder X-ray diffraction after thermal analysis, which indicates
that the weight loss is due entirely to dehydration. DTG pattern
reveals two maxima in dehydration rate at 250 and 354 °C, respec-
tively. The other two small variations are also observed within
the temperature range from 300 to 340°C, which is indicative
of a multistep dehydration process. The abovementioned varia-
tions all agree well with heat absorption as measured with DSC
in another sample from the same batch. On the other hand, two
strong endothermic peaks at 127 and 273 °C are not accompanied
by any weight change, and therefore not attributable to any form
of decomposition, which may be the so-called high-temperature
structural phase transition, as lots of researchers reported. Metcalfe
and Clark [45] reported that RbH,PO,4 transforms quasi-irreversibly
to amonoclinic phase at a temperature somewhere between 80 and
120°C. In addition, Pereverzeva et al. [47], Shapira et al. [38] and
Blinc et al. [32] also gave out the similar reports except for some
tiny discrepancies in the temperature value. In our research, the
observed endothermicity at 127 °C seems to agree very well with
this case, and further confirmed the physical change like structural
phase transition rather than the chemical change caused by ther-
mal decomposition at the controversial temperature T, between
80 and 120°C.



62 Z.Li, T. Tang / Thermochimica Acta 501 (2010) 59-64

129 T 2 TGA

95}

Mass, m / %

dM/ dt

| 4 l DscC

40+

Heat Flow / mW
ndothermal — ..

\°

100 150 200 250 300 350 400 450

Temperature, T/ °C

Fig. 3. TGA and corresponding DTG curves, DSC thermogram of KH,PO4 heated at
10K/min under flowing 50 ml/min dry N, gas.

3.3. KH,PO,

3.3.1. The literature debate and recent progress

Early studies of KH,PO,4 by Blinc et al. [48] indicated that the
endothermic DTA variation at 171 °Cis not associated with thermal
decomposition, instead it is related with structural changes. Later,
Rapoport [49] and Grunberg et al. [50] reported two polymorphic
transitions, one at 180°C and the second at 233 °C. Itoh et al. [51]
reported that on heating through 187°C, a structural phase tran-
sition from tetragonal to monoclinic symmetry takes place. Also,
Vargas et al. [52] reported that below the translation temperature,
the monoclinic phase of KH,PO4 is metastable and it reverts to
the stable tetragonal phase after being kept some days in air at
room temperature. More Recently, on the basis of dielectric con-
stant, thermal analysis and thermo-microscopy data, Lee and Park
[13,41-44] reported that these high-temperature phenomena is
not a structural phase transition but an effect of thermal decompo-
sition at surface in KHPOy4. Ortiz et al. also supported their position
[35-37]. Both sets of authors concluded that all the variations in
high-temperature properties can be attributed to chemical change,
not to physical change. Indeed, at ambient pressure, the dehydra-
tion readily masks certain phase transition in KH,PO4, Boysen and
Haile [53] used high pressure electrical measurements, free from
the ambiguities introduced by dehydration, to investigate the high-
temperature phase behavior of KH,POg4, and concluded that under a
dry atmosphere and ambient pressure, dehydration dominates the
high-temperature behavior and at 1 GPa pressure, KH,PO4 crystal
does not exhibit a superprotonic phase transition prior to melting.

3.3.2. Thermal analysis results

The DSC and TGA experiments were preformed with a con-
stant heating rate, the results obtained upon heating powder of
KH,PO4 to 450°C are presented in Fig. 3. The DTG results show
multiple dehydration events, with three major events occurring
at 232, 270 and 319°C, respectively. A rather broad endothermic
peak observed from the DSC measurement at around 232 °C is per-
haps the result of the multiple overlapping dehydration events, and

another sharp endothermic peak at around 270 °C is in good agree-
ment with the DTG measurement. Besides, in the DSC thermogram,
several rather weak peaks at around 319 °C correspond to a narrow
peak observed in DTG pattern, which may be also due to the over-
lapping dehydration events. In our research, the TGA measurement
gives same results as already reported by Blinc et al. [48], Boysen
and Haile [53], onset of weight loss at around 215 °C, a somewhat
higher temperature than others reported, is taken to indicate the
beginning of thermal decomposition. On heating further, the ther-
mal events will happen frequently at different temperatures. These
high-temperature behaviors are caused by thermal dehydration
and occurred via the formation of polyphosphate intermediates.
Nevertheless, the overall dehydration can be described by the reac-
tion: KH,PO4 — KPOs3 +H;O0, this reaction results in a 13.2% loss of
weight and a constant weight was reached at around 350 °C. Earlier
studies of KH,PO,4 at ambient pressure indicated two polymorphic
transitions, one at 180°C and the other one at 233°C, however,
in our investigation, no any change at around 180°C is detected
before dehydration. The present experimental results keep consis-
tent with the ones already reported by Lee and Park, Ortiz et al.,
Boysen and Haile [53], and further demonstrate that all the high-
temperature events in KH,PO4 are entirely due to dehydration.

3.4. NaH»POg4

3.4.1. Briefintroduction and recent progress

As one member of XH,PO,4 family, NaH,PO4 did not get widely
attention in the tentative application of fuel cells like other mem-
bers such as CsH,PO4, RbH,PO4 and KH,PO4 due to its low melting
point and inexistence of superprotonic phase transition. Ghule et
al. [54] adopted thermo-Raman spectroscopy in the temperature
range from 25 to 600 °C to study its thermal properties and reported
that it experienced dehydration, condensation and phase transfor-
mations as the temperature was increasing.

3.4.2. Thermal analysis results

The typical thermal analysis results of NaH,PO4 powered sam-
ple are presented in Fig. 4. The TGA pattern shows the onset
of weight loss at around 210°C. On heating further, the thermal
variations mainly occurring at 223 and 352 °C give rise to the corre-
sponding endothermic peaks in DSC measurement. Generally, such
thermal variations are believed to be caused by chemical decompo-
sition such as: nNaH,PO4 — NayH,P;,034+1 +(n—1)H;0, and n> 1.
The existence of multiple thermal events indicates a multistep pro-
cess, occurring via the formation of intermediate products. In order
to compare the experimental results with theoretical ones, the
possible products are deduced. Similar to the calculation method
reported by Park et al. [41-44], the ratio of the changed products
(polymerization) and evolved products (water) are related to the
chemical change in NaH, PO, for the possible n values as follows:

(1) For n=2, 2NaH,P0O4 — Na,H,P,07 +H,0

. . M(Nap;H;P,07) o
Ratio of changed product : M(2NaH,PO,) — 92.5%
) . MH0)
Ratio of escaped product : M(2Nak,P0;) = 7.5%
(2) For n=4, 4NaH,P0O4 — NagH,;P4013 +3H,0
) . M(NagH;P40q3) o
Ratio of changed product : “M(@NalLPo,) — 88.75%
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Fig. 5. TGA and corresponding DTG curves, DSC thermogram of LiH,PO3 heated at
10 K/min under flowing 50 ml/min dry N, gas.

NasH,P4013 and NagH,PgOqg. Park et al. [41-44] has pointed out
that the process of polymerization or decomposition depends on
temperature, and the intermediate product is unstable. Therefore,
it is commonly believed that a mixed intermediate product exists
within the temperature region from 270 to 340°C. For n>> 6, the
final product NaPOs is formed, which brings about an endothermal
peak at 352 °C. Thus, the NaH,PO4 powdered sample used here is
dominated by thermal decomposition in the heating process, and
no structural phase transition exists, as has been shown in KH,PO4

: . __M(BH0) 0

Ratio of escaped product : M(4NaH,P0;) — 11.25%

(3) For n=6, 6NaH,P0O4 — NagH,;Pg019 + 5H,0

. . M(NagH;P019) 9

Ratio of changed product : “M(6NalLPO,) — 87.5%

crystal.

: . __M(5H,0) 9

Ratio of escaped product : M(6NaH,PO;) — 12.5%

(4) Forn>» 6,nNaH,P04 — NapH,P,03,+1 +(n —1)H,0 — nNaPO3 +
TleO

M(nNaPO3)

Ratio of changed product : M(nNaH,P0g) — 85%
; . M(nH0) .
Ratio of escaped product : M(nNaH,PO;) — 15%

According to the stoichiometric calculation, one can find that
the overall water loss of 15% corresponds very well to the experi-
mental value (14.9%), which confirms the dehydration behavior in
the heating process. In addition, water loss leads to the formation of
various polymeric intermediates. From the TGA and DTG patterns,
the first dehydration event at 223 °C leads to water loss of 7.5%
which is the same as the calculated weight loss to the intermediate
product of NayH,PO7 (n=2). For the given value n=4 and 6, very
small weight is lost and their corresponding dehydration events
should be during the temperature region from 270 to 340 °C. Also,
one can find a rather broad and weak DTG signal or DSC endother-
mic peak at around 330°C, which is just due to two overlapping
dehydration events during the formation of intermediate products

3.5. LiH,POj3 or LiIH(PO3H)

3.5.1. Briefintroduction and recent progress

Since Baranov et al. [8] reported that the conductivity of CsHSO4
increases by several orders of magnitude upon transformation from
monoclinic phase to a high-temperature tetragonal phase, vari-
ous solid acid compounds attracted many researchers’ attention to
investigate them as superprotonic conductors. In fact, these com-
pounds have a common point that all are formed of oxy-anion
tetragonal groups XO4 which are linked together by hydrogen
bonds, where X =P, S or Se. Recently, the high-temperature behav-
iors and a superprotonic phase transition in the new compound
CsH,PO3 or CsH(PO3H) was reported by Chiholm et al. [55], in addi-
tion, Kosterina et al. [56] reported the structure of this material,
it contains the tetrahedral group PO3H, like other typical salts of
phosphorous acid. Given the chemical and structural similarity of
CsH,PO3 and CsHSOy4, we gave in to curiosity and studied the sim-
ilar compound LiH;POs, it is of relevance to establish whether this
alternative cation or anion chemistries can give rise to the same
properties. The corresponding high-temperature thermal results
of LiH,PO3 crystal are presented here.

3.5.2. Thermal analysis results

The TGA and DTG profiles in Fig. 5 for the powdered LiH,PO3
sample show a wide peak of weight loss with around 200 and
250°C as “onset” and “offset” temperature, respectively, and the
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maximum rate of weight loss is reached at around 220°C. From
TGA pattern, one can also find that at lower temperature region, a
very slight weight loss is likely due to the loss of surface absorbed
H,0, because the LiH,PO3 crystal is somewhat hygroscopic under
normal circumstances. The bottom pattern shows the DSC ther-
mogram, it is clearly that the DTG and DSC curves are closely
correlated: “onset” and “offset” temperatures of these thermo-
grams coincide approximately as well as the peak temperature
of the endothermic effect, although the peak is only a broad
and weak one and the temperature range between “onset” and
“offset” reaches about 50°C. Especially notable, LiH,PO3; shows
an endothermic change at around 195°C in the DSC measure-
ment prior to the beginning of weight loss, which indicates that
the high-temperature variation at 195°C is not associated with
thermal decomposition. In the narrowest sense, this tempera-
ture, presumably, corresponds to the so-called high-temperature
phase transition, though no sufficient demonstration can be avail-
able. Similarly, Chisholm et al. [55] reported that the thermal
decomposition of CsH,PO3 crystal begins at temperature just
beyond the superprotonic transition, with an onset of 137°C, to
a phase of high proton conductivity, and they pointed out that the
superprotonic phase transition of CsH,PO3; can be well resolved
from thermal decomposition, unlike the case for CsH,PO4. In
light of the same structure and similar composition of CsH,PO3
and LiH,PO3 crystals, and the convincing data in our experi-
ments, we can presume that the high-temperature event at around
195°C should be attributable to structural phase transition, and
the other one at around 220°C should be related to thermal
decomposition. Further investigation is still in progress in our
laboratory.

4. Conclusions

The high-temperature behaviors of CsH, PO4, RbH,PO4, KH, POy,
NaH,PO4 and LiH,PO3 have been investigated with the help of
thermal analysis. Key conclusions are as follows:

(1) In CsHyPO4, the thermal event at 231.5°C (at heating rate of
10K/min) is endothermic without weight loss, and attributable
to superprotonic phase transition, in agreement with Haile et
al. The other two events at 239 and 349°C are entirely due to
dehydration, as evident from weight loss analysis.

(2) RbH2PO4 undergoes a polymorphic phase transition at Tp
between 80 and 120°C without any evidence of dehydration,
as reported by Blinc et al. and Baranov et al. Other peaks at 250
and 354 °C belong to thermal dehydration.

(3) Three peaks are located at 232,270 and 319 °C for KH;POy4, and
223, 330 and 352 °C for NaH,PO,4 (at heating rate of 10 K/min).
They arise from dehydration, as found by previous investiga-
tors.

(4) The newly studied substance LiH,PO3; displays a sharp
endothermic peak at 195 °C (at heating rate of 10 K/min) prior
to weight loss at 220°C. By comparison with CsH,PO3, the
endothermicity is associated with a structural phase change
and the weight loss, with thermolysis.

Acknowledgment

This work is supported by the Research Grant Council of Hong
Kong (HKBU 210907).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.tca.2010.01.010.

References

[1] S.M. Haile, G. Lentz, K.D. Kreuer, ]. Maier, Solid State Ionics 77 (1995) 128- 134.
[2] S.M. Haile, P.M. Calkins, D.A. Boysen, Solid State Ionics 97 (1997) 145- 151.
[3] C.R.L Chisholm, S.M. Haile, Solid State lonics 136-137 (2000) 229-241.
[4] A.L Baranov, L.A. Shuvalov, N.M. Shchagina, JETP Lett. 36 (1982) 459- 462.
[5] T. Norby, M. Friesel, B.E. Mellander, Solid State Ionics 77 (1995) 105-110.
[6] S.M. Haile, D.A. Boysen, C.R.I. Chisholm, R.B. Merle, Nature 410 (2001) 910-
913.
[7] D.A. Boysen, T. Uda, C.R.I. Chisholm, S.M. Haile, Science 303 (2004) 68- 70.
[8] Al Baranov, V.P. Khiznichenko, L.A. Shuvalov, Ferroelectrics 100 (1989)
135-141.
[9] F. Romain, A.J. Novak, Mol. Struct. 263 (1991) 69-78.
[10] A. Preisinger, K. Mereiter, W. Bronowska, Mater. Sci. Forum 511 (1994)
166-169.
[11] L.C. Gupta, U.RK. Rao, K.S. Venkateswarlu, B.R. Wani, Thermochim. Acta 42
(1980) 85-90.
[12] Y. Luspin, Y. Vaills, G. Hauret, J. Phys. I France 7 (1997) 785-796.
[13] KS. Lee, J. Phys. Chem. Solids 57 (1996) 333-342.
[14] K.S. Lee, Ferroelectrics 268 (2002) 789-794.
[15] E. Ortiz, R.A. Vargas, B.E. Mellander, J. Chem. Phys. 110 (1999) 4847-
4853.
[16] E. Ortiz, R.A. Vargas, B.E. Mellander, Solid State lonics 125 (1999) 177-
185.
[17] B.M. Nirsha, E.N. Gudinitsa, A.A. Fakeev, V.A. Efremov, B.V. Zhadanov, V.A.
Olikova, Russ. J. Inorg. Chem. 27 (1982) 770-772.
[18] J.H. Park, C.S. Kim, B.C. Choi, B.K. Moon, HJ. Seo, ]. Phys. Soc. Jpn. 72 (2003)
1592-1593.
[19] J.H. Park, Phys. Rev. B 69 (2004) 054104.
[20] D.A. Boysen, S.M. Haile, HJ. Liu, RA. Secco, Chem. Mater. 15 (2003) 727-
736.
[21] ]. Otomo, N. Minagawa, C.J. Wen, K. Eguchi, H. Takahashi, Solid State Ionics 156
(2003) 357-369.
[22] D.A. Boysen, PhD Thesis of California Institute of Technology, 2004.
[23] L.H. Rashkovich, K.B. Meteva, Y.E. Shevchik, V.G. Hoffman, A.V. Mishchenko,
Sov. Phys. Crystallogr. 22 (1977) 613-622.
[24] L.N. Rashkovich, K.B. Meteva, Sov. Phys. Crystallogr. 23 (1978) 447-451.
[25] E. Rapoport, ].B. Clark, P.W. Richter, J. Solid State Chem. 24 (1978) 423-433.
[26] A.L Baranov, V.P. Khiznichenko, V.A. Sandler, L.A. Shuvalov, Ferroelectrics 81
(1988) 1147-1150.
[27] M. Wada, A. Sawada, Y. Ishibashi, J. Phys. Soc. Jpn. 47 (1979) 1571-
1574.
[28] W. Bronowska, A. Pietraszko, Solid State Commun. 76 (1990) 293-298.
[29] R.A. Vargas, E. Torijano, Solid State Ionics 59 (1993) 321-324.
[30] J. Otomo, T. Tamaki, S. Nishida, S.Q. Wang, M. Ogura, T. Kobayashi, C.J. Wen, H.
Nagamoto, H. Takahashi, ]. Appl. Electrochem. 35 (2005) 865-870.
[31] S.M. Haile, Mater. Res. Soc. Symp. Proc. 547 (1999) 315-326.
[32] R. Blinc, D.E. O'Reilly, E.M. Peterson, J.M. Williams, ]. Chem. Phys. 50 (1969)
5408-5411.
[33] B. Baranowski, M. Friesel, A. Lunden, Z. Naturf. A 41 (1986) 981-988.
[34] B. Baranowski, M. Friesel, A. Lunden, Z. Naturf. A 42 (1987) 565-571.
[35] E. Ortiz, R.A. Vargas, B.E. Mellander, ]. Phys. Chem. Solids 59 (1998) 305-
310.
[36] E.Ortiz, RA. Vargas, B.E. Mellander, A. Lunden, J. Chem. 71 (1997) 1797-1802.
[37] E.Ortiz, R.A. Vargas, G. Cuervo, B.E. Mellander, J. Gustafson, ]. Phys. Chem. Solids
59(1998)1111-1113.
[38] Y. Shapira, S. Levin, D. Gerlich, S. Shapiro, Ferroelectrics 17 (1978) 459-464.
[39] J. Seliger, V. Zagar, R. Blinc, Phys. Rev. B 47 (1993) 14753.
[40] KS. Lee, J.H. Park, K.B. Kim, J.B. Kim, J.M. Kim, ]J. Phys. Soc. Jpn. 66 (1997)
1268-1271.
[41] J.H. Park, K.S. Lee, J.B. Kim, J.N. Kim, ]. Phys.: Condens. Matter 8 (1996)
5491-5495.
[42] J.H. Park, KS. Lee, ].B. Kim, J.N. Kim, ]. Phys.: Condens. Matter 9 (1997)
9457-9460.
[43] J.H. Park, KS. Lee, ].N. Kim, ]. Korean Phys. Soc. (Proc. Suppl.) 32 (1998)
S1149.
[44] J.H. Park, K.S. Lee, ].N. Kim, J. Phys.: Condens. Matter 10 (1998) 9593-9607.
[45] B. Metcalfe, J.B. Clark, Thermochim. Acta 24 (1978) 149-153.
[46] J.H. Park, K.S. Lee, B.C. Choi, J. Phys.: Condens. Matter 13 (2001) 9411-9415.
[47] L.P. Pereverzeva, N.Z. Pogosskaya, Y.M. Poplavko, V.I. Pakhomov, LS. Rez, G.B.
Sil'nitskaya, Fiz. Tverd. Tela 13 (1971) 3199.
[48] R.Blinc, V. Dimic, D. Kolar, G. Lahajnar, J. Stepisnik, S. Zumer, N. Vene, D. Hadzi,
J. Chem. Phys. 49 (1968) 4996-5000.
[49] E.J. Rapoport, J. Chem. Phys. 53 (1970) 311-314.
[50] J. Grunberg, S. Levin, 1. Pelah, D. Gerlich, Phys. Status Solidi B 49 (1972) 857-
869.
[51] K. Itoh, T. Matsubayashi, E. Nakamura, H. Motegi, J. Phys. Soc. Jpn. 39 (1975)
843-844.
[52] R.A. Vargas, M. Chacon, J.C. Trochez, Solid State Ionics 34 (1989) 93-95.
[53] D.A. Boysen, S.M. Haile, Chem. Mater. 16 (2004) 693-697.
[54] A. Ghule, R. Murugan, H. Chang, Inorg. Chem. 40 (2001) 5917-5923.
[55] C.R.L Chisholm, R.B. Merle, D.A. Boysen, S.M. Haile, Chem. Mater. 14 (2002)
3889-3893.
[56] E.V. Kosterina, S.I. Troyanov, E. Kemnitz, L.A. Aslanov, Russ. J. Coord. Chem. 27
(2001) 493-497.


http://dx.doi.org/10.1016/j.tca.2010.01.010

	High-temperature thermal behaviors of XH2PO4 (X=Cs, Rb, K, Na) and LiH2PO3
	Introduction
	Experimental
	Materials
	Equipment

	Results and discussion
	CsH2PO4
	The literature debate and recent progress
	Thermal analysis results

	RbH2PO4
	The literature debate and recent progress
	Thermal analysis results

	KH2PO4
	The literature debate and recent progress
	Thermal analysis results

	NaH2PO4
	Brief introduction and recent progress
	Thermal analysis results

	LiH2PO3 or LiH(PO3H)
	Brief introduction and recent progress
	Thermal analysis results


	Conclusions
	Acknowledgment
	Supplementary data
	Supplementary data


