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Abstract

Structural, thermal and electrical properties studies of rubidium phosphite tellurate, RoH(PO3H)-Te(OH)g, were performed. An endothermic
peak, which reached a completion at about 315 °C accompanied with a weight loss of 4.6 wt.%, was attributed to dehydration. Four types of pellets
were produced, namely pellets A, B, C and D. Pellet A was tested with platinum—carbon paper electrode, and pellets B, C and D were tested with
gold electrodes. Both pellets A and B were studied from 113 °C to 317 °C for 135 h. Pellet C was first investigated from room temperature to
176 °C for 360 h. After cooling down to room temperature, a second measurement with pellet C was carried out under the same conditions as used
for pellets A and B. Pellet D, on the other hand, was heated up to 450 °C, kept at that temperature for 2 h and then cooled down to room temperature
prior to the conductivity measurements. It was observed that the conductivities of pellets A and B decreased to values of 5.2 x 107® S cm™" and
6.6 x 1077 S cm™" at 317 °C, respectively, and an unexpected rise in the conductivity (9.89 x 107°S em™" at 317 °C) was seen with pellet C.
Dehydration of RbH(PO;H)-Te(OH) might be responsible for this unexpected rise in the conductivity of pellet C. The monoprotic part
RbH(PO5;H) of RbH(PO3;H)-Te(OH)g apparently became diprotic (Rb,H,P,Os) part of Rb,H,P,O5-[Te(OH)¢], after dehydration. The measured
conductivity of pellet D, which was dehydrated prior to the measurement, reached a value of 5.41 x 107> S em™" at 317 °C and showed a good
stability over-each-run time and temperatures measurement up to 317 °C. The dehydrated compound, Rb,H,P,0O5-[Te(OH)¢]», has also a higher
hydrogen density relative to the starting compound, RbH(PO3;H)-Te(OH)g. It is deduced that completion of the dehydration can be responsible for
the unexpected rise in the conductivity of RbH(PO3;H)-Te(OH)e. This unusual case is important for studies in solid acid proton conductors.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction 2-3 orders of magnitude upon heating the material above its

phase transition temperature where it goes from a monoclinic

Many acid salts of inorganic oxy-acids have gained attention
as promising electrolytes. Some of their properties, such as
proton conductivity or ferroelectric transition, are due to
specific features of hydrogen bonds formed in crystal structures
of these compounds [1-3].

Alkali-metal acid sulfates and acid phosphates have been
studied in detail since Baranov and co-workers [4-6]
demonstrated that the conductivity of CsHSO, increases with
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phase to a high-temperature tetragonal phase. On the other
hand, the first systematic results on the crystal structures of acid
phosphites, such as MH,PO; (where M =Rb*, Cs*, TI*"),
(MH,PO;3H),-H3PO3 (where M =Rb", TI™) and
MH,PO5-H;PO; (where M =K*, Cs*) were presented by
Kosterina and co-workers [2,3]. Chisholm et al. [7] showed that
cesium dihydrogen phosphite, CsH(POsH), undergoes a
transition, with an onset of 137 °C, to a phase with high
proton conductivity. Zhou et al. [8] studied electrical
conductivity of solid acid phosphites MH(POs;H) with
M =Li", Na*, K*, Rb", Cs*, NH," for the first time. They
observed superprotonic conductivity following a phase transi-
tion in the temperature range from 120 to 190 °C for the
monoclinic forms, including Na®, K*, Rb*, Cs*, NH,"
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derivatives. No superprotonic phase transition was observed for
orthorhombic LiH(POs;H). The conductivities of KH(POs;H)
and LiH(PO;H) reached the values of 4.2 x 102> Q' cm ™! (at
140°C) and 3 x 102 Q 'em™! (at 160 °C), respectively.
Bondarenko et al. [5] investigated a novel superprotonic
KH(PO3H)-SiO, composite electrolyte and showed that
dispersion with nano-sized SiO, particles leads to improved
mechanical properties.

Compounds with general formulas of M,\M' | _,,AO,- Te(OH)s
and M,(AO,).(A'Oy)1_) Te(OH)s (where M, M’ is Na*, K™,
Rb*, NH,*, TI"and A, A’ = §*7, Se? ") were studied by Dammak
and co-workers [9-25] and they showed that all of these
compounds exhibit a superprotonic behavior. A proton con-
ductivity of 8 x 1072 S cm ™' in air at 357 °C was achieved for
Rb2(SO04)p.5(Se04)0.5- Te(OH)g [18]. The stability of phosphites
in hydrogen atmosphere and the relatively high operating
temperature of tellurate compounds inspired us to investigate
rubidium phosphite tellurate, RbH(PO;H)Te(OH)g. This paper
presents the first results of synthesis, structural, thermal and
electrical studies on RbH(POsH)-Te(OH)g.

2. Experimental

Rubidium carbonate (99.8%, Sigma—Aldrich), phosphorous
acid (99%, Sigma—Aldrich) and telluric acid (99%, Sigma-—
Aldrich) with a molar ratio of 1:2:2 were dissolved in deionized
water, separately. Concentrations of Rb,CO3;, H,(POs;H) and
Te(OH)¢ solutions were 12.63 mmol/40 mL, 25.25 mmol/
15 mL and 25.25 mmol/25 mL, respectively. The phosphorous
acid solution was slowly added to the rubidium carbonate
solution. After 1 h, telluric acid solution was added to the
obtained solution. RbH(PO3;H)-Te(OH)q powder was obtained
by slow evaporation of the aqueous solution continuously at
approximately 50 °C during 2 days.

The reaction is:

Rb2C03 + 2H2 (PO3H) + ZTG(OH)ﬁ (Rl)
— 2RbH(PO3H) - Te(OH ) + CO, + H,0

The powder was dried in an oven in air at about 130 °C
during two weeks prior to experiments.

Scanning electron microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDS) analysis were carried out using a
Zeiss Evo 60. EDS data were analyzed using the NSS 2.2 X-ray
MicroAnalysis program. X-ray diffraction (XRD) data were
recorded at room temperature using Stoe Theta-Theta XRD
(40 kV, 30 mA, Cu Ka;) and analyzed using the STOE Win
XPOW 2.20 program. Thermogravimetry (TG) and differential
thermal analysis (DTA) were carried out in air using TG-DTA
system (Netzsch STA 409 CD) with a scan rate of 5 °C min .
Differential scanning calorimetry (DSC) experiments were
performed in air by Netzsch DSC 200 F3, heating
RbH(POs;H)-Te(OH)g from room temperature to 500 °C with
a scan rate of 5 °C min~'. Samples were ground with an agate
mortar prior the measurements.

Conductivity measurements were carried out using electro-
chemical impedance spectroscopy (EIS). Four pellets, namely

pellet A, B, C and D were produced by pressing
RbH(PO3;H)- Te(OH)¢ powders into discs of about 1 mm
thickness and 8 mm diameter at 200 MPa pressure. The pellet
A was tested with platinum—carbon paper electrode, and the
pellets B, C and D were tested with gold electrodes. Gold
electrodes were sputtered on both sides of the pellets B, C and
D. Both the pellets A and B were investigated from 113 °C to
317 °C for 135 h. The pellet C was first investigated from room
temperature to 176 °C for 360 h. After cooling down to room
temperature, a second measurement with pellet C was carried
out under the same conditions as used for the pellets A and B.
The pellet D, on the other hand, was heated up to 450 °C, kept at
that temperature for 2h and then cooled down to room
temperature at heating/cooling scan rate of 1 °C min™~"' prior to
the conductivity measurements. The heating procedures
applied to the pellets are given schematically in Fig. 1.

The measurements were done under dry air
(pH,0 < 0.001 bar), humidified air (pH,O =0.1bar) and
humidified gas mixture of 9% H, in N, (pH,O = 0.1 bar). The
gases were humidified by bubbling the gas through a heated
water bottle (T(H,O) = 46 °C). Impedance spectra were recorded
under flowing gases (50 mL/min) using a Solartron 1260
frequency analyzer in all measurement series. An excitation
voltage with amplitude of 20 mV was used. No bias voltage was
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Fig. 1. The heating procedures applied to (a) the pellets A and B, (b) the pellet
C and (c) the pellet D. The pellets A and B were tested for 135 h between 113
and 317 °C. The pellet C (earlier investigated at various temperatures up to
176 °C for 360 h) and the pellet D (heated up to 450 °C and then cooled down to
room temperature prior to the measurement) were tested under the same
conditions as used for the pellets A and B.
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applied. The temperature of measurement was increased
stepwise with heating rates of 5 °C min~'. Measurements were
carried out over the frequency range of 1 MHz to 1 Hz. Data
analysis was done using the ZSimpWin 3.21 program.

3. Results
3.1. Structural and thermal analysis

Synthesis ~ with  slow  evaporation resulted in
RbH(PO3;H)-Te(OH)¢ particles with diameters in the range
of less than 1-60 pm. A SEM micrograph of the synthesized
powder is shown in Fig. 2. It can be seen that smaller particles
tend to form agglomerates. Fig. 3 shows the results of 5 EDS
point analyses on the surface of the powder, which shows
distribution of elements for different points.

Thermal analysis reveals the thermal behavior of the
RbH(PO3;H)-Te(OH)q powder and to monitor weight losses due
to dehydration. Figs. 4 and 5a, respectively, indicate that both

100 H

Signal A = SE1 Date :12 Oct 2010
Mag= 150KX Time :15:39:47

Fig. 2. SEM image taken from RbH(PO;H)-Te(OH)s powder which was
synthesized by slow evaporation of the aqueous solution, 1500x.
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Fig. 3. Point analysis showing distribution of detectable elements at five different points on the surface of the synthesized RbH(PO;H)-Te(OH)¢ (hydrogen is not

detectable by EDS analysis).
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Fig. 4. TG/DTA analysis of the synthesized RbH(PO3;H)-Te(OH); at a scan rate of 5 K min~ L.



5098 B. Beyribey, J. Hallinder/Ceramics International 38 (2012) 5095-5102

e
o
.

-0.5+

DSC (uV/mg)

T T T T T T T T T T
0 100 200 300 400 500

0.0
01

DSC (nV/mg)

0.2
1(b
0.3 ( ) T T T T T T T T T T
0 100 200 300 400 500
Temperature (°C)

Fig. 5. DSC analysis of the synthesized RbH(POs;H)-Te(OH); at a scan rate of
5 K min~": (a) first heating/cooling cycle and (b) second heating/cooling cycle.

DTA and DSC profiles of RbH(POs;H)-Te(OH)s show a
pronounced endothermic peak at 233 °C on the first heating
cycle. While cooling from a maximum temperature of 500 °C,
no reverse of the first transition is seen in Fig. 5a. Moreover,
Fig. 5b demonstrates neither an endothermic nor an exothermic
peak occurs during the second heating/cooling cycles. The
weight loss accompanied by the endothermic peak is completed
at about 315 °C with a total loss of 4.6 wt.%. The weight loss is
in a good agreement with the following dimerization reaction as
given the same reaction for all MH(PO3;H) compounds [5]:

2RbH(POs;H) - Te(OH)s — RbyH,P,05-[Te(OH)g)» (R2)
+H,0 AH >0

Fig. 6a gives room temperature XRD patterns of the
synthesized RbH(PO3;H)-Te(OH)¢ indexing of amorphous and
crystalline structures. Fig. 6b—e shows room temperature XRD
patterns of the pellets A, B, C, D after the conductivity
measurements. Fig. 6b and c¢ represents a transformation from
amorphous towards a more crystalline structure becomes
visible for the tested pellets A and B, while it reaches the
completion for the tested pellet C as seen in Fig. 6d. Fig. 6e
illustrates the tested pellet D mainly has a crystalline structure
with some residuals amorphous structure, it is seen that a
complete dehydration of RbH(PO3;H)-Te(OH)s was not
achieved for a 2-h pretreatment at 450 °C.

3.2. Electrochemical impedance spectroscopy

Impedance spectra were obtained in the temperature range
of 113-317 °C. Comparisons of conductivity results for the
pellets A and B and for the pellets C and D are given in Figs. 7
and 8, respectively. As seen in Fig. 7, the measured
conductivities of both pellets A and B increases by changing
the atmosphere from dry air (pH,O < 0.001 bar) to humidified
air (pH,O=0.1bar) at 113 °C. It increases further when
changing the gas from humidified air to humidified gas mixture
of 9%H, in N, (pH,O=0.1bar) at 176 °C. The pellets

1 s 1 s 1 s 1 s 1 s h s
25 30 35 40 45 50 55 60
20

N
o

Fig. 6. XRD diagrams of (a) the synthesized RbH(POs;H)-Te(OH)¢ powder, (b)
the tested pellet A, (c) the tested pellet B, (d) the tested pellet C and (e) the tested
pellet D. The pellets A and B were tested, respectively, with platinum—carbon
and gold electrodes for 135 h between 113 and 317 °C. The pellet C (earlier
investigated at various temperatures up to 176 °C for 360 h) and the pellet D
(heated up to 450 °C and then cooled down to room temperature prior to the
measurement) were tested with gold electrodes under the same conditions as
used for the pellets A and B.

investigated generally for 20-25 h at each temperature show a
small decrease in the conductivity by the operating time. In
contrast to the general view, the conductivity decreases
remarkably by operating for 40 h at 240 °C. It can be seen
that the conductivity of RbH(PO;H)-Te(OH)s, depends on
temperature, operating time, atmosphere and water content of
flowing gases. The measured conductivity of the pellet B shows
higher values than that of the pellet A and this difference in the
conductivity reaches one order of magnitude at 240 °C. Fig. 9
gives two impedance spectra of both pellets A and B measured
at 240 °C. The conductivities of the pellets C and D also
increases by changing atmosphere from dry air to humidified
air at 113 °C and by flowing gas from humidified air to
humidified gas mixture of 9%H, in N, at 176 °C. The
conductivity of the pellet C decreases by operating time as seen
for the pellets A and B. Even though, the measured conductivity
of the pellet D decreases by time under both dry and humidified
air, it shows enhanced stability in the conductivity over time
under humidified gas mixture of 9%H, in N,.

Plots of conductivity (i.e. log(o) versus 1/7) for all pellets are
given in Fig. 10. The average conductivity values are given for
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Fig. 7. Plot of conductivity (log(o) versus time) for [l the pellet A, * the pellet B at various temperatures and atmospheres. The pellets A and B were tested with
platinum—carbon and gold electrodes, respectively.

each temperature. The conductivities of all pellets increase by
increasing temperature up to 176 °C. Above that temperature the
pellets B and D keep increasing in the conductivity up to 240 and
317 °C, respectively, while the pellets A and C started decreasing
up to 280 °C. The conductivities of all pellets except for the pellet
A shows an increase at 317 °C. The pellet C, however, shows an

unexpected rise in the conductivity at that temperature.

log(c) (S.em™)

3.3. Calculations of the equivalent capacity

Calculation of the equivalent capacity, C,,, defined by Eq. (1)

[26]:

C, = R(I*V)/VQI/V
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Fig. 8. Plot of conductivity (log(o) versus time) for @ the pellet C, 4 the pellet D at various temperatures and atmospheres. Both pellets were tested with gold

electrodes.
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Fig. 9. Impedance spectra of (a) the pellet A and (b) the pellet B at 240 °C; the
pellets A and B were tested with platinum—carbon and gold electrodes,
respectively.

where R is the electrolyte resistance and Q is the constant phase
element.

The average equivalent capacities were calculated for each
temperature and their temperature dependence is given in
Fig. 11. The equivalent capacities of the pellets A, B and C
show similar behavior by increasing temperature and their
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Fig. 10. Plot of conductivity (log(o) versus 1/7) for (M) the pellet A, () the
pellet B, (@) the pellet C and (#) the pellet D. The average conductivity values
are given for each temperature. The pellets A and B were tested, respectively,
with platinum—carbon and gold electrodes for 135 h between 113 and 317 °C.
The pellet C (earlier investigated at various temperatures up to 176 °C for 360 h)
and the pellet D (heated up to 450 °C and then cooled down to room temperature
prior to the measurement) were tested with gold electrodes under the same
conditions as used for the pellets A and B.
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Fig. 11. Plot of equivalent capacitances versus 1/7 for (ll) the pellet A, () the
pellet B, (@) the pellet C and (#) the pellet D. The average equivalent
capacitance values are given for each temperature. The pellets A and B were
tested, respectively, with platinum—carbon and gold electrodes for 135h
between 113 and 317 °C. The pellet C (earlier investigated at various tem-
peratures up to 176 °C for 360 h) and the pellet D (heated up to 450 °C and then
cooled down to room temperature prior to the measurement) were tested with
gold electrodes under the same conditions as used for the pellets A and B.

capacities remains almost constant with change of temperature.
The pellet C, however, shows an increase in the equivalent
capacity at 317 °C. On the contrary, the equivalent capacity of
the pellet D generally shows a decrease by increasing
temperature.

4. Discussion

Referring to Fig. 3, the difference in composition (atomic %)
of the synthesized RbH(PO5;H)-Te(OH)s compound that is seen
for each point investigated by EDS analysis may be attributed to
topographical effects rather than variation of the chemical
composition across the sample [27].

DTA and DSC data are in an agreement with data from
conductivity measurements. It has been reported previously
superprotonic phase transitions in MH(PO3;H) compounds only
occur for samples that exhibit a monoclinic structure [5].
Amorphous RbH(POs;H)-Te(OH)s does not show any super-
protonic conductivity, this is in a good agreement with the
discussion above. The results shown in Fig. 12 demonstrate that
RbH(PO3;H)-Te(OH)¢ powder does not undergo a phase
transition upon heating. This observation is further confirmed
by differential scanning calorimetry as given in Fig. 5.

The endothermic peak that reaches a completion at about
315 °C on the first heating cycle does not show any reverse
action on the first cooling cycle. This indicates that the
dehydration of RbH(PO3;H)-Te(OH)¢ is completed at about
315 °C. This is evident not only from the DSC analysis, but also
from the weight loss at 315 °C, which is in an agreement with
the dimerization reaction (R2) of RbH(POs;H)-Te(OH)g. The
observed weight loss for RobH(POs;H)-Te(OH), extends over a
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Fig. 12. Plot of conductivity log(c) and thermal behavior TG% versus temper-
ature for RbH(PO3;H)-Te(OH), (I pellet A, * pellet B) The pellets A and B
were tested, respectively, with platinum—carbon and gold electrodes for 135 h
between 113 and 317 °C.

wide temperature ranges as reported for all phosphite salts in
the literature [5].

X-ray diffraction analysis shows that synthesized
RbH(PO3;H)-Te(OH)¢ can be indexed to an amorphous and
crystalline structure. All pellets were investigated up to
dehydration temperature of RbH(PO3;H)-Te(OH)g. XRD results
of the tested pellets, however, show that only pellet C reached a
complete of dehydration while pellets A, B and D did not. This
situation can be attributed to the difference in the operating time
of the pellets. Although, the test for the pellet C was performed
under the same conditions as used for the pellets A and B, it was
investigated at temperatures up to 176 °C for 360 h prior to the
experiment. On the other hand, pellet D was heated up to
450 °C and kept at that temperature for 2 h and then cooled
down to room temperature prior to measurements. XRD results
of the tested pellet D still shows both crystalline and amorphous
structures. As a result of this, it can be said that
RbH(PO3;H)- Te(OH)g¢ needs a heating duration of more than
2 h to be dehydrated completely at 450 °C.

All pellets show an increase in the conductivity by changing
atmosphere from dry air to humidified air at 113 °C and this
trend with humidified air continues between temperatures of
113-176 °C. Even though the conductivities of all pellets
decrease by time at 176 °C under humidified air, yet the pellet D
shows a greater decrease in the conductivity (more than one
order of magnitude) as compared to others. At this temperature,
all pellets also show an increase in the conductivity by changing
from humidified air to humidified gas mixture of 9%H, in N,.
Under the gas mixture, the conductivities of all pellets decrease
by time at 240 °C with the exception of the pellet D. While the
pellet A tested with platinum—carbon paper electrodes shows a
conductivity of 1.28 x 107®Scm™" at 240 °C, the pellet B
tested with gold electrodes reaches a conductivity value of
2.66 x 107°S cm ™' at the same temperature. This difference
can be attributed to the electrode contribution, as the ohmic
resistance associated with the pellet A has not been subtracted.

Moreover, the conductivities of the pellets A and B decrease
to 404 x 10°*Scem ™" and 6.6 x 107" Sem™" at 317°C,
respectively, while pellet C, which completed the dehydration
at that temperature, shows an unexpected rise in the
conductivity with a value of 9.89 x 107®Scm™'. The
conductivities of the pellets A, B and C decrease during the
dehydration and this behavior is in an agreement with the
literature. The conductivity of the pellet C, however, starts to
increase after the completion of the dehydration at 317 °C. The
dehydration mechanism (see (R1)) can be responsible for this
unexpected rise in the conductivity in two ways:

(1) Monoprotic RbH(PO3;H) part of RbH(PO;H)-Te(OH)q
compound becomes diprotic Rb,H,P,0Os part of
Rb,H,P,05-[Te(OH)g], compound upon dehydration.

(2) Dehydrated compound, Rb,H,P,Os5:-[Te(OH)¢l,, has a
higher hydrogen density than RbH(PO3;H)-Te(OH)g.

The heat treatment was done in order to investigate in depth
the conductivity of dehydrated compound. In contrast to the
other samples, that of applied to the pellet D shows stability
under reducing atmosphere (9%H, in N,). The conductivity of
the pellet D reaches the value of 8.58 x 107° S cm ™! at 240 °C
and remains almost constant at this value up to 317 °C. The
conductivity of the pellet D shows a value of
541 x 107> Scm ™" at 317 °C and then it starts to decrease
as a function of operating time. This behavior may be attributed
to the pretreatment process for the pellet D is not long enough to
dehydrate RbH(PO5;H)-Te(OH)s compound totally.

Similar equivalent capacitances were calculated for the
pellets A, B and C. The pellet C, however, shows an increase in
the equivalent capacity at 317 °C upon the completion of the
dehydration. The pellet D, which is not completely dehydrated
after a 2-h heat treatment at 450 °C, shows a different behavior
upon changes in temperature as compared to the other pellets.

5. Conclusions

The RbH(PO3H)-Te(OH)s compound forms in an amorphous
and crystalline structure. Unlike monoclinic phosphites, super
protonic conductivity is not seen in this rubidium phosphite
tellurate compound. The conductivity of the compound
decreases during dehydration, as expected, and average
conductivity values of 5.91 x 107® and 5.67 x 107’ Scm™!
are obtained for the pellets A and B at 317 °C, respectively. It
shows that the electrode contribution, as the ohmic resistance
associated with the pellet A has not been subtracted.

The pellet C shows a jump in the conductivity at 317 °C
(from 2.09 x 107°Scem™" t0 9.9 x 107°S cm™"). Although
all pellets were treated under the same conditions, the pellet C
was investigated up to 176 °C for 360h prior to the
experimentation. Due to the effect of operating time on
dehydration, a new compound, Rb,H,P,O5:[Te(OH)¢],, occurs
by the dehydration of the pellet C at 317 °C. The conductivity
of the pellet C reaches 9.9 x 107°S cm ™' at that temperature.
Dehydration is not usually responsible for increasing con-
ductivity. This increase in the conductivity is due to the fact that
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the monoprotic RbH(POs;H) part of RbH(POsH)-Te(OH)q
becomes a diprotic Rb,H,P,05 part of Rb,H,P,05-[Te(OH)s],
compound by dehydration. The dehydrated compound has also
a higher hydrogen density relative to the starting compound.
For that reason, it can be assumed that the dehydration of the
RbH(PO3H)-Te(OH)g enhances the conductivity. The measure-
ments done with the pellet D, dehydrated RboH(POs;H)-Te(OH)q
prior to measurement, support that the dehydrated compound
have a conductivity of 5.41 x 107> S cm™" at 317 °C. More-
over, it is seen that a dehydrated compound shows stability
against operating time and temperature changes up to 317 °C.
The decrease in conductivity of the pellet D at 317 °C may be
attributed to the fact that the pretreatment process for the pellet
D is not long enough to reach the complete dehydration.
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