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Abstract The phase transition at 7, (~109 °C) of
RbH,PO, and its composite with SiO, has been investigated
by thermal analysis here. In the case of neat RbH,PO,, there
is a linear relationship between endothermic peak temper-
ature (7,,,) and square root of heating rate ((Dl/ 2), from which
the onset temperature of phase transition can be determined.
Besides, Kissinger method and another calculation method
were employed to obtain the activation energy of phase
transition. The detailed deduction process was presented
in this paper, and the estimated activation energies are
E, =~ 126.3 kJ/mol and E, ~ 129.2 kJ/mol, respectively.
On the other hand, the heterogeneous doping of RbH,PO,
with SiO, as dopant facilitates its proton conduction and
leads to the disappearance of jump in conductivity at T},. The
heats of transition in the composites decrease gradually with
increasing the molar fraction of SiO, additives. In the
cooling process, a new and broad exothermic peak appeared
between ~95 and ~ 110 °C, and its intensity also changes
with the SiO, amount. These phenomena might be related to
the formation of amorphous phase of RbH,PO, on the sur-
face of SiO; particles due to the strong interface interaction.

Keywords RbH,PO, - Composite - Phase transition -
Activation energy - Heat of transition
Introduction

Fuel cells operative at intermediate-temperature (IT) are
attractive power generation systems from the aspect of
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energy conversion efficiency. Recently, solid acid fuel cells
employing CsHSO, and CsH,PO, as electrolytes have been
successfully demonstrated [1, 2], much more attention was
paid to these materials because of their thermal stability,
anhydrous proton conduction, and environmentally friendly
nature. As one member of solid acid family, RbH,PO, has
been investigated for almost two decades and its ambient
and sub-ambient phases have been well characterized: it has
an orthorhombic structure with space group Fdd2 below its
ferro-paraelectric phase transition at 7, = —126 °C, and a
tetragonal structure with space group I42d at room tem-
perature [3]. However, its high-temperature (HT) phases are
less certain. From X-ray diffraction (XRD) experiments
Blinc et al. [4] found that it transforms from tetragonal to
monoclinic symmetry at 7, = 86 °C. Further studies have
followed, based primarily on thermal analysis, proton
magnetic resonance, XRD and so on [5, 6], and the mono-
clinic phase of RbH,PO, has been confirmed to belong to
the space group P2,/a [6]. However, the measured transi-
tion temperature, T}, varied by wide margin between ~ 80
and ~ 120 °C strongly depending on the experimental
conditions [3]. Later, it was suggested that absorbed water
on the surface of sample acts as a catalyst that triggers the
tetragonal-monoclinic phase transition, because pretreat-
ment with water showed that the enthalpy at T, depends on
the water partial pressure and the duration of contact with
water vapor. On the other hand, RbH,PO, exhibited an
abrupt jump in the proton conductivity upon heating above
this temperature threshold T}, [7]. This important property is
so-called “superprotonic” behavior, and such high proton
conductivity is just the “high point” attracting the most
attention due to its potential application in fuel cell elec-
trolyte membrane. To further uncover the microscopic
mechanisms responsible for the enhanced proton conduc-
tivity, a great deal of investigation has been done very
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recently. Some research groups attributed this proton con-
ductivity enhancement to structural transition from tetrag-
onal to monoclinic phase at T, [7, 8]. However, others have
claimed that the heating induced dehydration and chemical
decomposition/polymerization via the reaction:

4RbH2PO4 — 2RbH2PO4 . Rb2H2P207 + HQO (1)

lead to the HT behavior [9-12]. Besides, they proposed a
model where the proton conductivity enhancement is
attributable to the rapid breaking and reforming of H bonds
triggered by the above-mentioned chemical decomposition/
polymerization [13]. Despite numerous studies, this phe-
nomenon is not well understood and remains a matter of
debate. Further investigation of the real nature of RbH,PO,
transformation around 7}, and ion dynamics in this material
are worth carrying out because understanding them is an
important step toward optimizing the application of
RbH,PO, in fuel cell devices. In the first part of this study,
we confirmed the phase transition phenomenon in
RbH,PO, through thermal analysis, HT XRD, and mea-
surements of conductivity. In addition, we presented a
detailed calculation process of activation energy of phase
transition, aiming at better clarifying the structural trans-
formation at T,

On the other hand, it is well known that heterogeneous
doping of ionic salts with non-conducting oxide particles
offers the possibility of producing, in a wide temperature
range, high-conductivity composites with enhanced ther-
mal stability and improved mechanical performance [14—
16]. Considering the feasibility and practicability of
RbH,PO, as fuel cell electrolyte, its HT conductivity
enhancement was also worth studying by using this
method. In previous work [17], we have indeed observed
the enhancement of proton conductivity in RbH,P04/Si0,
composite in which a strong surface interaction between
the components takes place. This interaction leads not only
to the stabilization of a new phase on the surface of oxide
but also to a change of electrical properties of RbH,PO,
bulk at HT. In the second part of present study, our main
concern is thus investigation of the influence of SiO, par-
ticles on the structural transformation of RbH,PO, bulk
and its thermal properties at above-mentioned 7,. The
results will provide new insight into fundamental aspects of
phase transition and the proton conductivity enhancement
in the heterogeneous composites.

Experimental
Sample preparation

The RbH,PO, compound under study was prepared from
aqueous solutions by mixing stoichiometric amounts of
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rubidium carbonate (Rb,CO3) and phosphorous acid (H;PO,4)
in which the Rb:PO, M ratio was fixed at 1:1 according
to Rb,CO; + 2H;PO, — 2RbH,PO, + CO, + H,0. Rapid
precipitation of product was then induced by the intro-
duction of methanol, and then the precipitate was filtered
out. The final powder was dried and kept in an oven at
80 °C for at least 6 h, both after preparation and prior to all
measurements, in view of their hygroscopicity. In the case
of RbH,PO,-based composites, amorphous SiO, particles
with specific surface area at Sy, ~ 150 m?/g determined
by the BET method were used as dispersing matrices of
the composites. (1 — x)RbH,PO,4—xSiO, composites were
prepared by using a high-energy ball mill, mechanically
milled for 24 h, and the molar fraction of SiO, additives
was varied from 0 to 0.6, corresponding to 0-50 vol% SiO,.
Then, polycrystalline RbH,PO, or its composite was pressed
at 7 tons for 5 min to form pellets (diameter: 10 mm;
thickness: ~4 mm). Silver electrodes were attached to both
sides of the pellets by silver paint following to silver vapor
deposition for impedance measurement.

Characterization and measurements

Powder X-ray diffraction (XRD) patterns of the product
were recorded in a Rigaku Rotaflex RU-200B diffractom-
eter using CuK,, radiation (4 = 1.5418 A), to confirm their
identity. Differential scanning calorimetry (DSC) was
performed with a Perkin-Elmer Diamond DSC. In this
thermo-analytical experiment, the sample was sat in an
aluminum pan, and heated at different heating rates in a
dynamic atmosphere of dried N, flowing at 50 mL/min.
The impedance of RbH,PO, or its composites was mea-
sured by alternating current (AC) impedance spectroscopy
using an HP 4284A Precision LCR Meter, a frequency
range from 20 Hz to 1 MHz and an applied voltage of
1.0 V in air from 25 to 200 °C. Impedance spectra were
analyzed using the commercially available software pack-
age, Zview (Scribner Associates Inc.). The conductivity, g,
was calculated from resistance, R, and pellet dimension,
i.e., 0 = L/(AR), where L and A are thickness of the pellet
and electrode surface area, respectively.

Results and discussion
Phase transition of neat RbH,PO, at T

Typical thermal analysis result via multiple cycles of DSC
measurement of RbH,PO,4 sample at a fixed heating rate is
presented in Fig. 1. It shows a pronounced endothermic
peak at 123 °C on the heating cycle. In subsequent cooling
process, the reverse transition exhibits a slight hysteresis
(~3 °C), namely, the exothermic peak shifted slightly to
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Fig. 1 DSC trace of RbH,PO, for two heating/cooling cycles to
185 °C with a fixed rate of 10 °C/min

120 °C with a heat of transition that is the same in mag-
nitude, within error, of that observed on heating. For the
second heating cycle, the transition temperature keeps
unchanged, with the heat of transition essentially unchan-
ged and the reverse transition behavior also essentially
unchanged. The reproducibility in thermal behavior
between a freshly prepared sample and one already
exposed to HT indicates that the phenomenon at T
between ~80 and ~ 120 °C is not related to dehydration
or thermal decomposition but potential structure transition.
On the other hand, the initial dehydration of RbH,PO,4
takes place at ~250 °C, which has been confirmed in our
previous report [18]. Moreover, powder XRD data in Fig. 2
were collected at different temperatures under atmospheric
condition. The sample was allowed to equilibrate for
~ 30 min at each temperature. Initial measurement at room
temperature shows that RbH,PO, has tetragonal phase with
space group 142d [3], whose Miller indices assignment to
each peak was made according to the ASTM database. No
other observable peaks were found. Subsequently, the
measurement temperature was raised up to 100 °C at which
tetragonal phase was still observed. However, the signal of
tetragonal phase disappeared at 125 °C, and a new XRD
pattern, i.e., monoclinic phase of RbH,PO, with space
group P2,/a [6] appeared clearly. The difference in XRD
patterns at 100 and 125 °C, along with the results of DSC
cycles described above, demonstrated that RbH,PO, crys-
tal does undergoes a structural transition from tetragonal to
monoclinic phase at T},

As arule, an inherent thermal lag in the thermal analysis
can result in systematic errors in true and measured reac-
tion temperatures as a function of heating rate. The dif-
ference (AT = T,, — T,) between the measured peak
temperature (7,,,) and equilibrium onset temperature (7,) is
proportional to heating rate (@), sample mass (m), thermal
resistance (R), and transition enthalpy (AH), i.e.,

AT? = 2mR® - AH (2)
According to this empirical formula, there should be a

linear relationship between AT and D2 As & > 0,
AT =T, — T, - 0, implying T,, - T, [19]. Thus, one
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Fig. 2 XRD patterns of as-prepared RbH,PO, at a room temperature;
b 100 °C; ¢ 125 °C

can estimate the true onset temperature of phase transition
by using this mathematical expression. Therefore, the DSC
experiments were carried out at various heating rates of 5,
10, 15, 20, 25 °C/min. As shown in Fig. 3a, the peak
temperature (7,,,) of DSC signals is strongly dependent on
the heating rate (®). The smaller the heating rate, the lower
the peak temperature of phase transition. In general, this
phenomenon is obvious for the first-order phase transition
or chemical reaction. The current result is believed to
belong to the former case. As an example of the heating-
rate dependent thermal behavior of RbH,PO,, the T,
values for each heating rate, as measured by DSC, are
plotted as a function of @' in Fig. 3b. As one can see, a
linear relationship between T}, and @' is indeed evident.
Therefore, the true and equilibrium onset temperature, 7,
could be determined by extrapolating to a heating rate of
zero, ie., T, ~ 109 °C. This value is independent of
heating rate and denoted as the phase transition
temperature T,

In order to derive the activation energy (E) of this phase
transition at 7}, the well-known Kissinger—Akahira—Sunose
method (KAS method hereafter for short) was used [20].
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Fig. 3 a Results of DSC thermal analysis carried out at heating rate
of 5, 10, 15, 20, and 25 °C/min for neat RbH,PO,. b Peak
temperature of phase transition at 7, as a function of heating rate
as measured by DSC

Kissinger suggested that the activation energy can be
estimated from the variation of DTA peak temperatures
with different heating rates. The kinetics of most solid state
reactions can be described by an equation below

j—f:Af(x) exp(—%) — A(1 —x)" exp<— %) 3)

where x is the reacted fraction (0 < x <1), dx/dr the
reaction rate, A the preexponential factor of Arrhenius,
fix) = (1 — x)" the reaction kinetic model, n the order of
reaction, E the activation energy, 7 the absolute
temperature, R the gas constant (R = 8.314 J/mol K). If
heating the sample at a constant rate (¢ = d7/dr), then by
differentiation of Eq. 3,

i(‘;’t‘) :iLfﬁ-Anu —x)nlexp<—RET)] ()

The maximum rate occurs at a temperature 7, defined
by setting Eq. 4 equal to zero, i.e.,
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gz = An(1 =2 e (-i) (5)

RTy
Assuming first-order kinetics (n = 1) and differentiating
Eq. 5, neglecting small quantities, then

d(In(®/T2)) E
d(1/Tn) R (6)

which is denoted as method (I). Therefore, one can cal-
culate the activation energy by plotting In(®/T%) versus
1/T,,, leading to a straight line whose slope gives —E/R.
From the point of view of DSC kinetic analysis, the
reacted fraction for a phase transition can be written in the

following form:
H

X=—

Hr

(7)

where Hr is the total heat of transition, i.e., total area of the
heat flow in heating or cooling process, H the heat of
transition at ¢. Differentiating (7) gives
dx 1 dH

S-—= (3)
dt Ht dr

If Eq. 8 is combined with (3), assuming n = 1, the
following result can be obtained,

Assuming a constant heating rate @, the integration of (9)
gives

—In(1 —x) = %jexp(—%)dT (10)

Let y = E/RT for simplification and substitute it into (10),
then

o]

T
A E AE -
—/exp —— dT:—/e—dy
P RT @R | »?

0

PR\ vy y
AE
Z=p 11
or PO (1)
where
e 2131 4l
P 1—+—+~) 12
0=3(1-2+3-5 (12)

Substituting Eq. 11 into 10 and taking natural logarithm on
both sides, then
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AE
in(l ) = 25 P() (13)
AE E
log®d =log|——F—| —2.315 — 0.4567 — 14
og og[ R-ln(l—x)} 315-0 567RT (14)

Differentiating Eq. 14 and neglecting small quantities
gives

dllog ®) _ 1 4567E
d(1/Ty) R
which is denoted as method (II). Thus, plotting log® versus
1/T,, gives a slope equal to —0.4567E/R from which the
activation energy can be also obtained.

In Table 1, different parameters with reference to peak
temperature 7, and heating rate @ are summarized.
Besides, the slopes calculated from two methods as men-
tioned above are shown in Fig. 4, respectively. The esti-
mated activation energies are E; =~ 126.3 kJ/mol in Eq. 6
and E, ~ 129.2 kJ/mol in Eq. 15. What is the possible
reason for the difference between these two results? The
main basis of method (I), i.e., KAS method, is that the peak
temperature of DTA signal is the temperature at which the
reaction rate is a maximum. However, this assumption has
been confirmed to be incorrect. The maximum reaction
rate, in fact, lies somewhere before this point. On the
contrary, this assumption is applicable for the DSC signal.
Therefore, we can calculate activation energy of phase
transition at 7, by DSC data using method (II).

(15)

Phase transition of RbH,PO,/SiO, composites at T},

Temperature dependencies of conductivity for pure
RbH,PO, and (1 — x)RbH,PO4~xSiO, (x = 0.3 and 0.6)
composites are presented in Fig. 5. Clearly, an abrupt
increase in conductivity occurred in pure RbH,PO, at T
(~109 °C) with increasing temperature, which is due to
structural transition from tetragonal to monoclinic phase.
The same conductivity change was also observed on the
cooling cycle. Therefore, the structural phase transition at
T, is reversible which agrees very well with the previous
thermal analysis results. Addition of fine SiO, particles in
RbH,PO, leads to the general increase in conductivity in
the investigated temperature range. In addition, the sudden

Table 1 Experimental data of DSC measurement

N ®°C/min Tn/°C T./K 1000/T./1/K Ln ($/T2) Log &
A 5 120 393 2.54453 —10.33818  0.69897
B 10 123 396  2.52525 —9.66024 1

Cc 15 125 398 251256 —9.26485 1.17609
D 20 120 402 2.48756 —8.99717 1.30103
E 25 130 403 2.48139 —8.77890 1.39794
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Fig. 4 The plots and fit lines by a method (I) and b method (II)
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Fig. 5 Arrhenius plots of conductivity for (1 — x)RbH,PO,—xSiO,
(x=20, 03, and 0.6) with heating and cooling cycles in the
temperature range from 25 to 180 °C

conductivity change at T, disappeared, which may be

attributable to the appearance of a new interface phase. We
will discuss this problem in detail in later section. On the
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other hand, it was found that the conductivity enhancement
strongly depends on the amount of SiO,. With increasing
SiO, concentration, the conductivity tends to increase at
both “tetragonal” and “monoclinic” phases accordingly.
Therefore, the heterogeneous doping in solid acids like
RbH,PO, is indeed an effective method to increase its
proton conductivity.

To further make clear the influence of dopant SiO, on
the phase transition and thermal properties of RbH,POy,
the DSC measurements of RbH,P0,/SiO, composites were
conducted in a heating—cooling cycle. Figure 6a shows the
DSC curves at a fixed heating rate of 10 °C/min as a
function of SiO, M fraction. Each heat flow was normal-
ized by the weight of RbH,POy, i.e., heat flow per 1 mg of
RbH,PO, in RbH,P0O,/SiO, composites. One can find the
endothermic peaks associated with the structural phase
transition at 7}, shifted slightly to higher temperature with
increasing the molar ratio of SiO, additives. In addition,
their heats of transition, which have been normalized with
that in neat RbH,PO,, also changed with SiO, M ratio. In
the cooling process, the addition of SiO, also strongly
influences the phase transition of RbH,PO, bulk in com-
posites, although the exothermic peaks have no obvious
shift at ~ 120 °C. As Fig. 6b shows, the exothermic heat
flows can be separated approximately into two regions A
and B. The intensity of peak A at ~120 °C reduced
gradually with increasing the amount of SiO,. Instead, the
other broad peak B, appearing in the temperature range of
~95 and ~ 110 °C, becomes stronger and more evident. In
the case of peak A and B, they should correspond to two
different states of RbH,PO, in the composites and be
denoted as state A and B, respectively. Furthermore, it can
be noted that the total heat of transition of the exothermic
peaks including A and B decrease gradually with the
increase in SiO, content.

In order to qualitatively elucidate the relationship
between heat of transition and SiO, M fraction in both
heating and cooling process, their curves were plotted in
Fig. 7. Within experimental error, the heat of transition
decrease linearly with increasing SiO, M fraction. Besides,
the heats of transition in heating and cooling process are
approximately equal to each other, which indicate that the
observed transformation is reversible. As for state A and B
appearing in the cooling process, their molar fractions
estimated roughly from their respective heat of transition
were also plotted against SiO, M ratio in Fig. 8. With an
increase in SiO, M ratio, the molar fraction of state A
decreases linearly and disappears finally, whereas that of
state B increases linearly. What is the possible reason for
the gradual disappearance of state A and gradual appear-
ance of state B with increasing SiO, content? According to
the suggestion from Uvarov et al. [21, 22], the strong
interface interaction of two components in the composite
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Fig. 7 Normalized heat of transition plotted against molar ratio of
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leads to the formation of an interface layer on the surface of
SiO, particles, especially in the preparation process by
using a high-energy ball mill and the heating treatment. The
structure of interface layer may be either epitaxial crystal-
line or amorphous. The amorphous phase, being disordered
structurally, is the main reason for the proton conductivity
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Fig. 8 Molar fraction of state A and B of RbH,POy, in its composites
as a function of molar ratio of SiO, additives

enhancement in RbH,PO4/Si0, composites, which has been
confirmed in our previous report [17]. Besides, heating
process further increases the adhesion energy of stabiliza-
tion of interface phase on the surface of dopant particles. In
other words, RbH,PO, exhibited two different structures in
its composites, i.e., amorphous phase and ordered bulk
structure. The existence of amorphous phase facilitates
ionic conductivity of composites no matter whether the
phase transition from tetragonal to monoclinic at T}, takes
place, which is why the jump in conductivity disappeared in
RbH,PO4/Si0, composites. On the other hand, with
increasing the content of SiO,, more amorphous phase of
RbH,PO, formed on the surface of SiO, particles, in con-
trast, less tetragonal or monoclinic phase exists, leading to
the attenuation of phase transition signal. This accounts for
the gradual decrease in heat of transition at T}, in both
heating and cooling process. Currently, further investiga-
tion of the structure and properties of interface phase is still
in progress. According to the study of pure RbH,PO, and
comparison with its composites, heterogeneous doping by
the dispersion of inert oxide particles in ionic salts influ-
ences not only its electrical properties but also thermal ones.

Conclusions

The thermal properties of RbH,PO, and its composites,
especially at T}, have been studied with the help of DSC
measurements. The conclusions are summarized below:

(1) RbH,PO, undergoes a structural transition from
tetragonal to monoclinic phase at T, ~ 109 °C,
resolving the dispute in literatures as to its origin.
Besides, the endothermic peak temperature (7))
presents a linear relationship with square root of
heating rate (¢'?).

(2) Two calculation methods were used to estimate the
activation energy of phase transition at T, i.e.,
E, =~ 126.3 kJ/mol and E, =~ 129.2 kJ/mol, respec-
tively. The difference between them is attributed to
their different assumption and prerequisite.

(3) The conductivity of RbH,P0O,/SiO, composites
strongly depends on the SiO, content. With increas-
ing the molar fraction of SiO,, the conductivity
enhancement takes place and the sudden conductivity
change disappears at T,

(4) In RbH,PO4/SiO, composites, heat of transition at T},
decreases gradually with an increase in SiO, amount. A
fresh exothermic peak B between ~95 and ~ 110 °C
appeared in cooling process, which may be attributable
to the existence of amorphous phase of RbH,PO,.
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