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Abstract

We used powder X-ray diffraction (XRD) and ac impedance spectroscopy to investigate
the polymorphic phase transitions undergone by the MH,PO4 (M = Cs, K, Rb) proton
conductor series upon heating. High-pressure methods used in conjunction with energy
dispersive XRD enhanced by synchrotron radiation allowed us to isolate a pure cubic
(superprotonic) RbH,PO,4 (RDP) polymorph (at P = 1.2 GPa and T = 320 °C) and collect
data of enough quality to Rietveld refine its crystal structure. Our data and analysis reveal
that cubic RDP (Pm-3m, a = 4.76 + 0.01 A) is described by a unit cell where Rb and P atoms
are in (0, 0, 0) and (0.5, 0.5, 0.5) positions, respectively, whereas O atoms are in (0.5, 0.234(5)
0.342(6)) positions having a multiplicity of 24 and an occupancy of 0.166. This results in
dynamically disordered POy tetrahedra that enables the superprotonic conduction in RDP,
a mechanism like the one in the high-temperature cubic phase of the Cs-based compound
CsH,POy4 (CDP). This is a notable behavior, as RDP and CDP are structurally different
at room temperature—RDP is tetragonal (I-42d) and CDP is monoclinic (P2; /m)—but
following polymorphic modifications upon heating they both end up in superprotonic
cubic phases that are isostructural to one another. On the other hand, we found that
although the K-based phosphate KH;POy (KDP) has the same crystal structures as RDP at
room and at intermediate temperatures, further heating does not lead to a cubic KDP phase.
Overall, our results are significant from both the fundamental and applied perspective as
superprotonic phosphates are promising materials for fuel cell electrolyte applications.

Keywords: polymorphism; phase transitions; proton conduction; high-pressure XRD

1. Introduction

Functional compounds that have the same chemical make-up but exhibit different
crystal structures under different environments are of particular importance in materials
science and engineering [1-4]. The lattice in which these polymorphs crystalize can be
changed using external stimuli (e.g., temperature, pressure, light, pH), making them
ideal candidates for applications where macroscopic properties need to be altered—quite
dramatically in some cases—via minute changes in the sample environment [5,6]. Such
polymorphic phase transitions are significant for a broad range of modern fields, including
drug discovery [7,8], sustainable energy [9,10], actuators [11], electronic materials [12,13]
and smart materials [14,15].

A particular case where understanding and controlling polymorphism is crucial for
the proper operation of a functional material is represented by the phosphate-based solid

Crystals 2026, 16, 517

https:/ /doi.org/10.3390/cryst16080517


https://crossmark.crossref.org/dialog?doi=10.3390/cryst16080517&domain=pdf&date_stamp=2026-08-06
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0003-1220-1611
https://doi.org/10.3390/cryst16080517

Crystals 2026, 16, 517

20f13

acid series MH,PO4 (M = Cs, K, Rb). These compounds are known to become highly
efficient proton conductors when heated above a certain temperature threshold [16,17].
This allows them to function as fuel cell electrolytes at temperatures between 200 °C and
350 °C, a range that is of importance for automotive and space exploration applications
but cannot be reached using polymer-based electrolytes that need constant hydration
(as they conduct hydronium ions and not protons). CsH,PO, (CDP) has been the most
investigated member of the title series [18-20]. Its proton conductivity suddenly increases
remarkably by three orders of magnitude when CDP is heated to 233 °C, but the microscopic
details responsible for this so-called superprotonic behavior have been intensely debated
for more than two decades. Some researchers attributed the superprotonic jump to a
monoclinic — cubic polymorphic phase transition [20,21], while others ascribed it to
chemical decomposition via dehydration [22,23]. While stronger evidence exists for the
former scenario [16,17,20], the dehydration hypothesis has also received solid support [24].
The above-mentioned structural transition to a cubic CDP polymorph and this compound’s
chemical decomposition are not mutually exclusive. In fact, they both occur at temperatures
in the immediate vicinity of the superprotonic conductivity onset threshold. This was
confirmed by synchrotron X-ray diffraction measurements on CDP powders placed in a
capillary holder [20], which demonstrated that the monoclinic — cubic transition precedes
dehydration—in other words, it is the cubic CDP phase that dehydrates. Consequently,
for a given time period (tens of minutes), the CDP sample was observed to be a mixture
of cubic CDP and CDP dehydration products (e.g., Cs;H,P,05), so it is not possible
to decide which of the two is responsible for the superprotonic behavior based just on
this type of experiment. This situation was addressed through experiments where CDP
powders were heated while kept under a saturated water vapor atmosphere [16,18] or
under high pressure [20]. These conditions preserve the abrupt proton conductivity jump
and the monoclinic — cubic structural transition upon heating above a critical temperature,
but completely inhibit dehydration [17], which represent evidence that the cubic CDP
polymorph enables the superprotonic conduction. In summary, there is irrefutable evidence
of the existence of a high-temperature cubic CDP phase, but this polymorph is unstable
and does decompose in minutes via dehydration unless the sample is kept under special
high-humidity or high-pressure conditions [16-18,20,21].

Interestingly, the K- and Rb-based compounds KH;PO, (KDP) and RbH,PO4 (RDP)
differ structurally from their CDP counterpart at room temperature (KDP and RDP are
tetragonal I-42d whereas CDP is monoclinic P2; /m) but, upon heating, there are several
observations of macroscopic property (proton conductivity) and microstructural behaviors
of KDP and RDP similar to the ones observed in CDP. Yet, there is no conclusive evidence
of a polymorphic transition to a pure superprotonic KDP or RDP phase despite findings
of abrupt proton conductivity jumps in both of these phosphates [25], cubic structures in
similar non-stoichiometric compounds (e.g., RbH; _3,(PO4)1-y) [26,27], and a lattice that
correctly indexes XRD patterns from RDP powders heated to 300 °C [28]. It is therefore
important to investigate the evolution of the crystal structures of these phosphates upon
heating with the overall goal of identifying polymorphic transitions, and a specific focus on
isolating the high-temperature phases of KDP and/or CDP, determining their structures,
and comparing them with the one responsible for the superprotonic behavior in CDP.

X-ray diffraction (XRD) enhanced by the use of synchrotron radiation is an ideal tool
to study polymorphic phase transitions for several reasons. First, because unlike other
methods (e.g., thermal analysis or X-ray spectroscopy), XRD results reveal not only that a
transition occurred, but also detailed information about the crystal structures of the two
polymorphs involved. Second, XRD data of enough quality (including data from crystalline
powders) allow the full crystal structure of unknown polymorphs to be determined. In
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addition, modern XRD setups include sample holders and chambers capable of producing
the special sample environments and the stimuli needed to generate polymorphic phase
transitions in the investigated materials. Finally, the high intensity of the beam and the
ability to vary the X-ray wavelength, both specific to synchrotron radiation, allow rapid data
collection and the use of diffraction geometries needed for highly specialized experiments
(e.g., for high-pressure and high-temperature XRD).

Here we present a study where we used temperature-resolved synchrotron X-ray
powder diffraction to study polymorphic transitions that occur in MH,PO4 (M = Cs, K, Rb)
proton conductors as the temperature of these systems is raised toward their melting point.
Two experimental methods were employed: (1) XRD in the transmission geometry where
a fixed wavelength (A = 0.922A) beam passes through a quartz capillary containing the
sample and a flat detector perpendicular to the beam’s direction intercepts the projections
of the Debye—-Scherrer diffraction cones, and (2) XRD in the reflectivity geometry where a
“white” beam is incident on a sample placed in a high-pressure cell and the diffracted X-rays
are intercepted by a multi-channel energy sensitive detector placed at a fixed 26 angle. Our
most significant result comes from high-pressure (P = 1.2 GPa) XRD measurements carried
out on RDP at 320 °C. These data can be indexed to a single cubic (Pm-3m) phase, and most
importantly, allowed us to carry out a full structural (Rietveld) refinement confirming that
this is indeed an RDP polymorph where the Rb and P atoms are in (0, 0, 0) and (0.5, 0.5, 0.5)
positions respectively, whereas O atoms are in (0.5, 0.234(5) 0.342(6)) positions having a
multiplicity of 24 and an occupancy of 0.166. To the best of our knowledge, this is the first
refinement of a pure RDP cubic phase that not only confirms its existence, but brings direct
evidence of its crystal structure, including the dynamic disorder of the PO, tetrahedra which
is most likely responsible for the superprotonic conduction. Another remarkable finding is
that the high-temperature cubic RDP polymorph and its CDP counterpart are isomorphic
(crystallographically identical) although at room temperature the two phosphates have
different crystal structures (RDP is tetragonal (I-42d) and CDP is monoclinic (P2;/m)).
Finally, we found that the K-based compound, KDP, exhibits a different behavior upon
heating. At room temperature, KDP has the same crystal structure as RDP (tetragonal,
I-42d) and at T = 220 °C it undergoes a tetragonal — monoclinic polymorphic transition
to a P2y /m structure that, again, is isomorphic with the intermediate-temperature RDP
polymorph. Upon further heating KDP toward its melting point, however, we found
no evidence of any other polymorphic transition, which is in agreement with previous
predictions for ac impedance spectroscopy measurements [25]. Our results are significant
because they clarify key aspects of the high-temperature polymorphic phase transitions in
MH,PO4 (M = Cs, K, Rb) proton conductors, which, besides their fundamental importance,
provide new insights likely to advance the use of these compounds as electrolytes in
clean-energy fuel cell applications.

2. Materials and Methods

All MH,PO4 (M =Cs, K, Rb) crystalline powders used in this study were synthesized
using a multistep precipitation-followed-by-recrystallization method. First, the metal car-
bonate MCOj3 (Alfa Aesar, Haverhill, MA, USA) (M = Cs, K, Rb) was mixed with phosphoric
acid H3POy4 (85% aqueous solution, Alfa Aesar, Haverhill, MA, USA) as follows. H3POy
was diluted to 10 wt% and then MCO3; was added to achieve the proper stoichiometric
ratio MCO3:H3POy = 1:2. The carbonate dissolved quickly with effervescence and some
heat release. Then, methanol was added dropwise as a precipitating agent. We used a
mass of methanol equal to the mass of water used to dilute the phosphoric acid. The
white precipitate was repeatedly washed and filtered, and eventually dried overnight at
a temperature of 50 °C. The resulting powder was dissolved in de-ionized water and left
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to recrystallize in open air for two weeks. The large crystals were finally crushed and
thoroughly ground into a fine powder.

Two powder X-ray diffraction (XRD) methods were used. The first is based on syn-
chrotron X-rays of wavelength A = 0.922 A selected by a double-bounce monochromator.
The sample was sealed in a capillary with a diameter of 1 mm mounted on a spinner and
the temperature was controlled (to +/—1 °C) by an air stream blower. A flat area detector
perpendicular to the direction of the main beam was used in the transmission geometry
to record the projections of the Debye-Scherrer cones that correspond to Bragg reflections
from the polycrystalline powder. Software Fit2D [29] was used to convert the 2D datasets
recorded by the area detector into one-dimensional I vs. 20 powder diffraction patterns.
The second method involved high-pressure measurements where a DIA-type large volume
press was employed to compress the polycrystalline sample to a pressure up to 1.2 GPa.
An energy dispersive method allowed us to record powder diffraction patterns within a
fixed-20 geometry where a white incident beam collimated to dimensions 100 x 100 pwm?
was used together with a multichannel detector (MCD) placed at 26 = 6.480 deg. The
pressure was transmitted through a mixture of amorphous boron and epoxy resin placed
inside the cell. A layer of NaCl was also added to the mixture contained in the 1 mm
diameter X 2 mm length boron nitride sample holder to allow an accurate determination
of the pressure according to Decker’s equation [30]. The temperature was varied by an
amorphous carbon furnace and measured using a W/Re thermocouple. The intensity,
I, recorded as a function of the bin number of the MCD (which corresponds to a given
wavelength within the white beam) was eventually converted to I vs. d-spacing powder
diffraction data.

We also used ac impedance spectroscopy to confirm the connection between the su-
perprotonic conductivity jump and the monoclinic (P21 /m) — cubic (Pm-3m) polymorphic
phase transition in CDP. Ac impedance spectroscopy measurements were carried out at
T =190 °C and T = 235 °C on cylindrical pellets pressed using CDP powders. Silver paint
sprayed on both sides of the pellet and platinum mesh electrodes were used. The pellets
were sealed in a 50 mL chamber filled with dry air and linked by feedthrough contacts
to a Solartron 1260 impedance analyzer (AMETEK, Inc. Berwyn, PA, USA) operating at a
100 mV oscillating potential in a two point-four wire setup. At each temperature, both the
in-phase and the out-of-phase components of the impedance, Z’ and Z", were recorded at
frequencies between 6 MHz and 100 Hz.

3. Results and Discussion

Figure 1 shows the X-ray diffraction (XRD) patterns recorded at room temperature
(T =25°C) on (a) CDP, (b) KDP and (c) RDP powders within the 5 deg. to 45 deg. 26
range. For each of the three patterns, the black disks represent the data, whereas the
solid line is a guide to the eye. The most relevant feature of the data is that the K- and
Rb-based compounds have a similar tetragonal I-42d symmetry, indicating that the room
temperature KDP and RDP polymorphs are isostructural, whereas the XRD pattern from
the Cs-based phosphate, CDP, is indexed by a different lattice symmetry, monoclinic P2; /m.
The threedata sets also confirm the purity of the synthesized powders as all the observed
peaks correspond to the Bragg reflection positions from the respective lattice.

The CDP behavior upon heating is shown in Figure 2. First, results from the
ac impedance spectroscopy were collected at two temperatures, (a) T = 190 °C and
(b) T=235°C, and presented in the form of Nyquist plots (Z’ vs. Z" at different fre-
quencies ranging from 6 MHz to 100 Hz), showing a dramatic increase in the sample’s
proton conductivity.
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Figure 1. Powder X-ray diffraction (XRD) patterns recorded in transmission geometry using syn-
chrotron radiation of wavelength A = 0.922 A at room temperature (T = 25 °C) on the three solid acids
used in this study, (a) CsH,POy4 (CDP), (b) KH;PO, (KDP) and (c) RbH,PO4 (RDP).
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Figure 2. Frequency-resolved ac-susceptibility data collected on CDP pellets at (a) T = 190 °C and
(b) T = 235 °C showing an abrupt jump in the proton conductivity (superprotonic behavior) upon
heating, and powder XRD patterns collected at (c) T = 190 °C and (d) T = 235 °C indicating that
a monoclinic (P2;/m) — cubic (Pm-3m) polymorphic structural transition is responsible for the
observed proton conductivity increase.

Indeed, the dataset collected at the lower temperature, 190 °C, exhibits a typical
semicircular shape Nyquist plot which intersection with the Z’ axis at low frequencies
allows us to determine the proton conductivity of the sample as 6.5 x 1077 S.cm~!. At
T =235 °C, however, the shape of the Nyquist plot changes dramatically into a straight
line. Its intersection with the in-phase impedance axis yields a proton conductivity of
2 x 1072S-em ™}, a value four orders of magnitude greater than its lower temperature
counterpart. This superprotonic jump is associated with a polymorphic phase transition
as indicated by the XRD data collected at the same temperatures (c) T = 190 °C and
(d) T =235 °C. In both figures, the inset shows the raw data (the projection of the Debye—
Scherrer cones onto the flat plate detector), while the open symbols are the corresponding
I vs. 20 powder XRD patterns. The vertical bars mark the 20 positions of the Bragg
reflections. These data show that the room temperature monoclinic P2; /m phase persists
up to T =190 °C, but further heating to T = 235 °C leads to a new cubic Pm-3m structure.

The data and analysis in Figure 3 confirm that the structure is indeed a CDP polymorph.
The empty symbols here are the observed intensity I, recorded at different “detector”
angles 26, whereas the red line is the calculated intensity I, via a Rietveld fit where the
atom positions were allowed to vary together with the lattice constant and the profile
parameters of the pseudo-Voigt function were used to model the peak shapes. The lower
blue trace is the difference curve I, — Iops. The fit yields a dynamically disordered
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cubic structure described by a unit cell of lattice a = 4.95 4 0.01 A, space group Pm-3m,
and fractional coordinates (0, 0, 0) for the Cs atoms, (0.5, 0.5, 0.5) for the P atoms, and
(0.5, 0.248(1) 0.322(2)) for the oxygen atoms which also have a multiplicity of 24 and an
occupancy of 0.166.

Cubic CDP]

40000 -+

Intensity (arb units)

Pm-3m
a=4.95+0.01A

Figure 3. Rietveld refinement (red line) against powder XRD data recorded on CDP at T = 235 °C
(black circles) corresponding to a dynamically disordered cubic (Pm-3m, a = 4.95 4 0.01 A) crystal
structure where the Cs atoms (green) and P atoms (gray) are in (0, 0, 0) and (0.5, 0.5, 0.5) positions
respectively, whereas the O atoms (red) occupy (0.5, 0.248(1) 0.322(2)) position with a multiplicity of
24 and an occupancy of 0.166.

Figure 4a shows the powder XRD pattern and the corresponding tetragonal (I-42d)
crystal structure of KDP at 25 °C. The Rb-based compound, RDP, has the same room
temperature phase crystal structure [31]. As indicated above, an abrupt proton conductivity
jump was reported at high temperatures and pressures (~325 °C, 1 GPa) in both KDP and
RDP. So, it might appear that even if this sudden proton conductivity increase was due to a
polymorphic transition, such transition would not be of the monoclinic (P2 /m) — cubic
(Pm-3m) type (as the one observed in CDP). Interestingly, the data in Figure 4b brings a
new perspective in this regard. It demonstrates that heating to intermediate temperatures
(220 °Cin this case) leads to a phase transformation to a monoclinic P2; /m KDP polymorph
that has lattice parameters a = 7.581 A, b=6206A, c=4530 A, and B =107.2 deg. A
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similar tetragonal — monoclinic transition was observed in RDP around 150 °C, where the
existence of the monoclinic RDP polymorph was based on direct, stand-alone evidence, i.e.,
a full crystal structure (Rietveld) refinement against high-resolution X-ray diffraction data
that allowed the precise determination of the space group, unit cell constants, fractional
atom positions, and thermal parameters [31]. This is highly significant, because not only
are the intermediate-temperature KDP and RDP polymorphs isomorphic to one another,
but they are isomorphic (structurally identical) with the room temperature monoclinic
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Figure 4. (a) Powder XRD collected on KDP at room temperature T = 25 °C and the corresponding
tetragonal crystal structure (I-42d, a = 7.445 A and ¢ = 6.997 A), and (b) powder XRD collected
on the same KDP sample at T = 220 °C and the corresponding crystal structure demonstrating
a polymorphic transition to an intermediate-temperature monoclinic phase (P2;/m, a = 7.581 A,
b=6.206A,c=4530 A, and B = 107.2 deg.).

The observations above lead into the situation schematically presented in Figure 5.
CDP crystalizes in a monoclinic (P2; /m) symmetry at room temperature and upon heating
to 240 °C (under ambient humidity and pressure conditions) this phase changes into a
cubic (Pm-3m) one, which, based on extensive evidence, is responsible for the superpro-
tonic behavior of CDP. The other two phosphate solid acids, KDP and RDP, crystallize
in a tetragonal symmetry at room temperature, but both undergo the same tetragonal
(I-42d) — monoclinic (P2; /m) polymorphic phase transition when heated to intermediate
temperatures. This is an interesting finding as it appears that, at room temperature, it
deviates from the predictions of the radius ratio rule which predicts that increasing the
cation size leads to higher symmetry crystals. The most likely explanation for the observed
behavior is that KDP, RDP, and CDP are salts based on large, non-spherical and polar-
ized oxyanions, while the radius ratio rule was developed taking into account just basic
sphere-geometry considerations.
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CDP RDP KDP
Room Monoclinic, P2,/m Tetragonal, I-42d Tetragonal, I-42d
Temperature 25°C 25°C 25°C
Intermediate Monoclinic, P2,/m Monoclinic, P2,/m
Temperature 150°C 220°C
| l |
High Cubic, Pm-3m
Temperature ’? f)
240°C . °

Figure 5. Schematic representation of the polymorphic phase transitions in MH, PO, (M = Cs, K, Rb)
proton conductors emphasizing the possibility that superprotonic KDP and RDP phases similar to
their CDP counterpart exist at high temperatures.

This raises the question if further heating of the monoclinic KDP and/or RDP phases
leads to another phase transition, possibly to a cubic phase like the one in their CDP
counterpart. It is important to indicate that the high-temperature cubic CDP phase has not
only been observed under ambient conditions where it is known to be transient [20], but also
under a saturated water vapor atmosphere [18], high pressure [20,32], and a small volume
of sealed dry air [9], conditions under which it is stable. For KDP and RDP an abrupt
increase in proton conductivity was only observed under special conditions, particularly
under high pressure [25]. Finally, there is solid evidence that the proton conductivity jump
that occurs upon heating KDP’s monoclinic phase under high pressure (~1GPa) is due
to melting [25], which would obviously be inconsistent with any type of transition from
one crystalline phase to another. Consequently, we will focus our analysis below on the
Rb-based compound, RDP.

A superprotonic behavior was not observed in RDP when the temperature was in-
creased under ambient conditions. Accordingly, several studies have shown that the RDP
monoclinic polymorph chemically decomposes via dehydration when its temperature is
raised toward RDP’s melting point [33], unless a special sample environment is used [25].
Consequently, instead of the powder XRD method used so far in our study, we searched
for a possible second polymorphic transition in RDP based on a different setup where RDP
powders kept under high pressure (~1.2GPa) are heated up to ~350 °C and XRD data are
collected at different temperatures using an energy dispersive method.

Figure 6 shows two of such datasets recorded on RDP in the high-pressure cell as the
temperature is raised from T = 270 °C to T = 320 °C. There are three notable features of these
data. First, the intensity, I, is reported as a function of the d-spacing as the detector angle 26
is fixed at 6.480 deg. The energy sensitive detector records raw data as I vs. “bin number”
(on 2040 bins corresponding to different energy values/wavelengths within the main white
beam) and then the bin numbers are converted to d-spacing values. Second, despite being
different from one another the two XRD patterns contain reflections that occur at the same
d-spacing values (shown in the red rectangles). These are false reflections coming from
the pressure-cell materials, the W/Re thermocouple and from Rb fluorescence, and will
be ignored in the structural analysis below. Finally, the datasets show a significant change
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in the Bragg reflections d-spacing positions as the temperature increases from 270 °C to
320 °C. We believe this observation indicates a polymorphic transition of monoclinic RDP
to a higher symmetry phase (as evidenced by the reduction in the number of reflections).

5000
} RDP in high-pressure cell
+ P=1.2 GPa
40004 |+ t
o) | 5
.E ] +
S30004 [ :E +
£ )| H o T=3200C T+
> iy
20004 4 & e
G
e -
< i
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10004 [t .
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o Ui

d-spacing (A)

Figure 6. Energy dispersive powder XRD patterns collected on RDP under high pressure (P = 1.2 GPa)
at T =270 °Cand T =320 °C, indicating that structural modifications occur upon heating within this
temperature range. The spurious peaks in the red boxes correspond to Rb florescence and Bragg
reflections from materials used in the high-pressure cell.

Figure 7 shows a quantitative analysis of the powder XRD data recorded on RDP at
T =320 °C and P = 1.2 GPa (blue crosses). The small vertical bars represent the d-spacing
positions of the Bragg reflections from a cubic Pm-3m structure that has a lattice parameter
a =476 A. Even more importantly, the green curve shows the I vs. d profile calculated
based on the best Rietveld fit that yields the fractional positions, occupancy, and multiplicity
of the Rb, P, and O atoms in the unit cell, as well as their isotropic Debye-Waller factors. The
lower black trace is the difference between the observed and calculated I vs. d curves. The
fit converges (x? = 2.24) upon the independent variation in eight independent parameters
related to the unit cell (O atom positions, peak profile, and histogram scale) and yields a
disordered cubic phase described by a unit cell where Rb and P atoms are in (0, 0, 0) and
(0.5, 0.5, 0.5) positions, respectively, whereas O atoms are in (0.5, 0.234(5) 0.342(6) position
having a multiplicity of 24 and an occupancy of 0.166. The positions of the non-hydrogen
atoms in the unit cell (including the six possible orientations of the PO, tetrahedra) are
schematically shown in the lower panel, while more detailed information is presented
in Table 1. This is an important result because it represents conclusive evidence of the
existence of a monoclinic — cubic polymorphic phase transition in RDP.

As already mentioned, previous studies have shown a similar behavior in non-
stoichiometric compounds [26,27], but our present study demonstrates that a stable pure
RDP polymorph exists at T = 320 °C and P = 1.2 GPa and reveals its crystal structure.
Second, we found that the cubic polymorph is structurally identical (isomorphic) with
its CDP counterpart. This is significant because it implies that the same highly efficient
proton conduction mechanism enabled by the PO, tetrahedral disorder is responsible
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for the superprotonic conduction in both phosphates, CDP and RDP. Furthermore, an ac
impedance spectroscopy study carried out on RDP under 1 GPa of pressure uncovered a
supeprotonic conductivity jump at about 327 °C [25], conditions nearly identical to those
under which we observed the phase transition to cubic RDP. These observations corrobo-
rate and represent strong evidence that the abrupt increase in the proton conduction that
occurs upon heating RDP toward its melting point is indeed due to a monoclinic — cubic
polymorphic phase transition and not due to chemical modifications.

1 I
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Figure 7. Rietveld refinement against high-pressure (P = 1.2 GPa) XRD data collected on RDP
powders at T = 320 °C. The blue crosses are the observed intensities corresponding to different

X
o

d-spacing values, I,p,; the green line is the calculated intensity, 1.5, and the lower black trace is the
difference curve Iypg — Icq1c. The vertical bars mark the positions of the Bragg reflections from the
cubic (Pm-3m, a = 4.76 A) unit cell. The lower panel shows the unit cell atom positions, demonstrating
the isomorphism between the superportonic RDP and CDP polymorphs.

Table 1. Types, positions, and isotropic Debye-Waller factors of the atoms in the Pm-3m cubic RDP
unit cell. Numbers in parentheses are statistical estimated standard deviations from the fit.

Atom Type X y z Fraction = Symmetry  Multiplicity Uiso
Rb 0 0 0 1 m3m 1 0.025
P 0.5 0.5 0.5 1 m3m 1 0.025
(@] 0.5  0.234(5) 0.342(6) 0.166 m(x) 24 0.025
4. Summary

We used powder XRD and ac impedance spectroscopy to investigate the polymorphic
phase transition undergone by the MH,;PO,4 (M = Cs, K, Rb) proton conductor series upon
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heating and clarify their connection with the crystal structures and dynamic mechanisms
that enable the dramatic proton conductivity increase in these materials at high temper-
atures. We found that although CDP and RDP crystalize in different lattice symmetries
at room temperature—RDP is tetragonal (I-42d) and CDP is monoclinic (P2; /m)—the
two compounds become isomorphic at high temperatures where they both crystallize as
dynamically disordered cubic (Pm-3m) polymorphs. Our most significant result is the
finding that cubic RDP is stable at T = 320 °C under a pressure of 1.2GPa. We used powder
XRD data collected under these conditions to determine the structure of this polymorph:
space group Pm-3m, lattice constant a = 4.76 + 0.01A, and a unit cell where Rb and P atoms
are in (0, 0, 0) and (0.5, 0.5, 0.5) positions respectively, whereas O atoms are in (0.5, 0.234(5)
0.342(6)) position having a multiplicity of 24 and an occupancy of 0.166. We also determined
that the isomorphism between KDP and RDP persists to intermediate temperatures as
demonstrated by a tetragonal (I-42d) — monoclinic (P2 /m) polymorphic phase transition.
Yet, unlike RDP, the K-based phosphate, KDP, shows no evidence of a cubic, superpro-
tonic polymorph. This is consistent with previous results from ac impedance spectroscopy
measurements [25]. Besides their fundamental significance, our results are important for
clean-energy applications as phosphate-based solid acids are materials that can function as
fuel cell electrolytes based on their transition to high-temperature superprotonic phases.
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