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ABSTRACT: Solid acid selenates in the class M;H(SeO,),, in which M is an Log(conductivity)
alkali ion, have garnered attention as a result of the dramatic increase in 4

conductivity that occurs upon transition from a monoclinic to a superprotonic LN

trigonal phase with a dynamically disordered hydrogen-bond network. The O L
significant similarities between three specific members of this class, 6 L8 L AT AT
K;H(SeO,), Rb;H(SeO,),, and Cs;H(SeO,),, render the pseudobinary o:‘;:o:l:o
systems between end-members ideal for an exploration of the crystal chemical AT AT
features that drive the superprotonic transition and control the magnitude of T T
the conductivity. Accordingly, a systematic study of the (K,Rb,_,);H(SeO,), Temperature >

and (Cs,Rb,_.);H(SeO,), systems is carried out here using in situ high-
temperature diffraction and conductivity measurements by ac impedance
spectroscopy. Across the entire composition range, a transition to a superprotonic phase of the space group R3m is observed.
With decreasing average size of the alkali cation, the superprotonic transition temperature generally decreases and, for a given
temperature, the conductivity monotonically increases. The variation in transition temperature with composition is discussed in
terms of possible strain effects on the internal energy of the monoclinic phase. The conductivity in the superprotonic phase is
found to obey the phenomenological compensation rule, in which the logarithm of the pre-exponential term is linearly
correlated with the activation energy. The decrease in activation energy for proton transport with decreasing average cation size
is tentatively ascribed to a contraction in the length of the hydrogen bonds, presumed from the contraction of the cell volume.
Subtle changes in structure and conductivity occur at the special composition Cs,RbH(SeQ,),, corresponding to a structure in
which Cs and Rb species could be fully unmixed over available cation sites. While a fully ordered arrangement of cations was not
observed, the larger cation was found to preferentially occupy the larger of the two cation sites in both high- and low-
temperature phases and in both chemical systems.

1. INTRODUCTION 178 °C.” In contrast, Cs;H(SeO,), adopts the C2/m
The superprotonic transition that occurs in several solid acid monoclinic structure at room temperature, transforms to a
compounds has garnered attention because of the spectacular phase with the A2/a monoclinic structure at 96 °C, and then

3—S orders of magnitude jump in conductivity it induces.
Tripotassium hydrogen diselenate, K;H(SeO,),, trirubidium
hydrogen diselenate, Rb;H(SeO,),, and tricesium hydrogen °C.>~® The sequence of transitions for the three compounds
diselenate, Cs;H(SeQ,),, are superprotonic solid acids in the are thus
M,H(XO,), family, where M = NH,, K, Rb, Cs and X = S, Se.

K;H(SeO,),, RbyH(SeO,),, and Cs;H(SeO,), adopt mono-

clinic structures at ambient temperature and transform to a RbsH(Se04)z: A%, —EC5C 2 —C 5 R3m
high conductivity, trigonal phase at slightly elevated temper-
atures similar to many other compounds in this group. Despite ‘ _
their global similarity, these compounds are structurally Where. the. respective A2/a, C2/m, and R3m phas.e.s are
distinct at ambient temperature and show slightly different essentially isostructural across the three systems. In addition to
phase transition behavior. K;H(SeO,), and Rb;H(SeO,), have these high-temperature transformations', the M3'H(X04)2 class
a monoclinic structure of space group A2/a under ambient of compounds undergo ferroelectric transitions at low

conditions, and the former undergoes a direct transition to the

further transforms to the superprotonic trigonal phase at 183

K3H(SeO4)2: AY—SC5R3m

CssH(Se0s)z: C%,—2XC 547 —5C 5 R3m

superprotonic phase (space group R3m) at 115 °C." The latter, Received: September 19, 2019
Rb;H(SeO,),, transforms first to a second monoclinic phase Revised: ~ November 7, 2019
(C2/m) at 175 °C, before transforming to the trigonal phase at Published: November 7, 2019
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Figure 1. XRD patterns of (M,Rb,_,);H(SeO,), (M = K or Cs) compositions at room temperature: (a) (K.Rb,_,);H(SeO,), and (b)
(Cs,Rb,_,);H(SeO,),. Blue patterns correspond to the A2/a phase, green patterns to the C2/m phase, and aqua to a mixture of A2/a and C2/m

phases.

temperatures, associated with the loss of inversion symmetry
about hydrogen bonds.”

The fascinating crystal chemistry of these materials has
resulted in steady interest in their structural and transport
properties. Based on the body of work accumulated over the
past few decades, it is generally accepted that the high
conductivity in the trigonal phase derives from the rotational
disorder of the SeO, tetrahedral groups, which in turn supports
dynamic disorder of the hydrogen-bond network. The entropy
of the transition to the superprotonic phase, ranging in value
from 6.7 to 9.4 J/(mol-K),""~"* has also been attributed to the
configurational disorder. Specifically, in the trigonal phase, the
apical oxygen atom of the single, crystallographically distinct
SeO, group is dynamically disordered over three equivalent
positions slightly displaced from the triad axis, given rise to a
configurational entropy contribution to the total entropy of R
In 3 = 9.13 J/(mol:K). The high conductivity results from the
dynamic rearrangement of the pairwise hydrogen-bond
linkages between neighboring selenate groups. At room
temperature, the structure is slightly distorted such that the
tetrahedral groups are tilted along one of the three formerly
equivalent directions. The hydrogen-bond positions become
fixed, and the associated configurational entropy is zero. Thus,
the observed transition entropy is largely accounted for in
terms of these structure changes. The rather subtle nature of
the structural changes that occur at the transition of
K;H(SeO,),, Rb;H(SeO,),, and Cs;H(SeO,), to their
respective R3m phases further allows single-crystal samples to
retain their morphological integrity. As a consequence, the
high-temperature structures of these materials are well
characterized.'*"”

The significant similarities between K;H(SeO,),, Rb;H-
(SeOQ,),, and Cs;H(SeO,), at both low and high temperatures,
and the high degree to which their properties are known
render the pseudobinary systems between end-members ideal
for an exploration of the crystal chemical features that drive the
superprotonic transition and control the magnitude of the
conductivity in the superprotonic phase. A wide range of cation
sizes is systematically evaluated here, from K* to Rb" and then
from Rb* to Cs, by, respectively, examining the (K,Rb,_,);H-
(Se0,), and (Cs,Rb,_,);H(SeO,), systems. Of particular
interest is the possible connection between, on the one hand,
cation site occupancies over the two crystallographically
distinct cation sites of the A2/a, C2/m, and R3m structures
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and, on the other, transport properties. A recent study by
Kiyanagi et al. has revealed that K and Rb preferentially occupy
different sites in the A2/a room-temperature structure of the
(K,Rb,_,);H(SeO,), system, and the authors suggest the
presence of a modulated superstructure.'® Whether the
phenomena is specific to this chemical system, and how it
may impact phase transition behavior is, as yet, unknown.

2. METHODS

Full details of the experimental methods are available in the
Supporting Information. In brief, materials of composition
(K,Rb,_,);H(SeO,), and (Cs,Rb,_,);H(SeO,), in approximate x
increments of 0.1 were synthesized via a combination of precipitation
and solid-state techniques. Compositions of the prepared materials
were measured using energy-dispersive X-ray spectroscopy (EDS) in
conjunction with scanning electron microscopy. In all cases, results
are reported with respect to the measured composition, which
occasionally varied slightly from the nominal (Figure S1).

Phase analysis was performed by powder X-ray diffraction (XRD).
Ambient temperature powder diffraction data were collected using a
STOE STADI P diffractometer using acquisition parameters suitable
for refinement of crystallographic data. High-temperature diffraction
data were collected in situ, using an integrated high-temperature stage
(either Anton Paar HT1200 or HTK1500). The atmosphere was
humidified with an H,O partial pressure of ~0.023 atm (balance
either He or N,) to suppress dehydration. Diffraction patterns were
collected at temperatures in the vicinity of what was identified as the
transition to the trigonal phase after ~15 min of thermal equilibration
after each heating step. In some cases, a temperature step as small as 1
°C was utilized to capture the full features of the phase transition
behavior, but a step of S °C was more typical. All compositions in the
(Cs,Rb;_,);H(SeO,), system and a representative subset of those in
the (K,Rb,_,);H(SeO,), were studied at high temperatures.
Diffraction data were analyzed by Rietveld refinement using the
software package GSAS.'” Refinements were carried out under the
constraint that the overall composition reflects that measured by EDS.
Full details of the refinement procedures are provided in the
Supporting Information (Table S1).

Conductivity was measured by ac impedance spectroscopy using
uniaxially pressed polycrystalline compacts. For reasons of conven-
ience, colloidal silver paste was used at the electrode material for
compositions in the (K.Rb,_,);H(SeO,), system, whereas sputtered
Pt was used for those in the (Cs[Rb,_,);H(SeO,), system. The
maximum temperature of the experiments was set to capture but not
greatly exceed, the transition, with measurements made in temper-
ature steps of ~2 °C. Impedance data were collected over the
frequency range of 0.1 Hz and 100 kHz using a voltage amplitude of
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20 mV, after a thermal equilibration of ~15 min. The H,O partial
pressure was maintained at ~ 0.47 atm (balance N,).

3. RESULTS AND DISCUSSION

3.1. Structural Properties. The diffraction studies
revealed that K3H(SeO,), and RbyH(SeO,), are completely
miscible at room temperature, Figure la. All compositions in
this system crystallize with the monoclinic structure in space
group A2/a. The results are consistent with what has been
previously reported by Kiyanagi et al. for the specific
intermediate compositions K,RbH(SeO,), and KRb,H-
(Se0,),.'° In the (Cs,Rb,_,);H(SeQ,), system, the distinct
structures of the end-members preclude complete miscibility at
ambient temperature. The results, Figure 1b, reveal high
solubility of Cs into Rb;H(SeQ,),, with the A2/a monoclinic
phase observed up to 93 at. %. Conversely, the solubility of Rb
into the C2/m structure of Cs;H(SeO,), is only ~2 at. %. At
97% Cs, a two-phase mixture of both the Rb;H(SeO,), and
Cs;H(SeO,), structure types occurs. The crystallographic
parameters (atomic coordinates and equivalent isotropic
displacement parameter) extracted from Rietveld analysis of
the three end-members patterns are reported in Tables 1-3.
Selected parameters of the solid solution compositions are
presented in Tables 4 and S3.

Table 1. Atomic Coordinates and Isotropic Displacement
Parameters in K;H(SeO,), at Room Temperature, Refined
in Space Group A2/a with a = 10.1388(12) A, b = 5.9074(5)
A, c = 14.9701(2) A, and § = 103.649(3)°*"

atom site i y z Uiso (Az)
K(1)  4e 025 0.757(2) 0 0.009(2)
K(2) 8f  0.6511(5) 0.733(2) 0.1965(3) 0.013(2)
Se 8f  0.4599(3) 02317(6)  0.11706(14)  0.0013(4)
o(1)  8f  0.397(2) 0.021(3) 0.1614(8) 0.0040(4)
0(2)  8f  04341(11)  0.184(2) 0.0039(6) 0.0040(4)
0(3)  8f  0.6247(10)  0.239(3) 0.1532(6) 0.0040(4)
o(4) 8  0385(2) 0.472(2) 0.1317(9) 0.0040(4)
H 4a  0.5000 0.0000 0.0000

“All atom sites are fully occupied. Ry, = 3.22% and R, = 5.68%.
bfixed at 1/3 Uy, of oxygen atoms to avoid falling below zero; ratio
selected based on results of refinement of Rb and Cs structures.

Upon heating, all compositions displayed a transition to the
R3m trigonal phase; a selection of high-temperature diffraction
data presented in Figure 2. Thus, complete solid-solubility is
displayed in both the (K,Rb,_,);H(SeO,), and (Cs,Rb,_,);H-
(SeQ,), systems at high temperatures, in addition to the high

Table 3. Atomic Coordinates and Isotropic Displacement
Parameters in Cs;H(SeO,), at Room Temperature, Refined
in Space Group C2/m with a = 10.901(2) A, b = 6.3911(3)
A, ¢ = 8.4484(12) A, and f = 112.443(3)°“

atom site x y z U,, (A%
Cs(1) 22 0 0 0 0.0152(12)
Ccs(2) 4 01977(2) 0 0.6075(3)  0.0185(9)
Se 4 04281(3) 0 02368(4)  0.0117(14)
Oo(1) &  04819(9)  0217(2)  06846(11)  0.031(3)
o(2) 4  03825(12) 0 0.022(2) 0.031(3)
0(3) 4  02885(14) 0 0.269(2) 0.031(3)
H 2b 0.5000 0.0000 0.0000

“All atom sites are fully occupied. R, = 3.61% and R, = 4.90%.

miscibility at room temperature. From the structural refine-
ments based on these data, several trends emerge (Table S).
The molar volumes of both monoclinic phases (A2/a and C2/
m) and the trigonal phase increase monotonically with
increasing effective cation radius, as would be expected, Figure
3. In the crystal with 97% Cs, the C2/m structure supports a
more compact arrangement than the A2/m does (Figure 2b),
reflected in the abrupt decrease in cell volume at this
composition. In the (K,Rb;_.);H(SeO,), system, the high-
temperature molar volumes are reported for measurements at
different temperatures as a consequence of the differing
transition temperatures and unknown high-temperature
thermal stability (Figure 2). Consequently, the results are
convoluted with thermal expansion effects. However, it can be
concluded that the chemical effects are dominant. A molar
volume difference between K;H(SeO,), and Rb;H(SeO,), of
9% is observed, of which only a small fraction can be due to
thermal expansion between 115 and 190 °C, the respective
measurement temperatures.

Far more significant than the molar volume trends, which
essentially follow Vegard’s Law,'® are a measurable preference
of the cations for distinct sites. All three structure types of this
study (A2/m, C2/m and R3m) have two crystallographically
distinct cation sites (Figure 4). The first site is generically
designated here as the M(1) site, and it appears at Wyckoff
position 4e in the A2/a structure, 2a in the C2/m structure,
and 3a in the R33m structure. The second, M(2), appears at
Wryckoff positions 8f, 4i, and 6¢, respectively, in the three
structures. The Se atom, and thus the entire selenate group, is
located in a single crystallographic site in all three structures. In
both the (K,Rb,_,);H(SeO,), and (Cs,Rb,_,);H(SeO,),
systems, and consistent with that reported by Kiyanagi et
al,'® the larger cation preferentially occupies the M(2) site,

Table 2. Atomic Coordinates and Isotropic Displacement Parameters in Rb;H(SeO,), at Room Temperature, Refined in Space
Group A2/a with a = 10.4899(8) A, b = 6.0985(3) A, ¢ = 15.4458(13) A, and f§ = 102.910(3)°"

atom site 63
Rb(1) 4e 0.25

Rb(2) 8f 0.6510(3)
Se 8f 0.4611(3)
0o(1) 8f 0.3911(15)
0(2) 8f 0.4444(10)
0(3) 8f 0.6194(10)
0(4) 8f 0.3869(15)
H 4a 0.0000

“All atom sites are fully occupied. R.y, = 2.94% and R, = 3.69%.
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y z Uy, (&%)
0.7533(8) 0 0.0093(10)
0.7329(6) 0.19532(12) 0.0159(7)
0.2253(5) 0.11670(10) 0.0080(9)
0.013(2) 0.1597(8) 0.022(2)
0.188(2) 0.0062(5) 0.022(2)
0.247(2) 0.1541(6) 0.022(2)
0.460(2) 0.1284(8) 0.022(2)
0.0000 0.0000
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Table 4. Selected Refinement Parameters, Space Groups, Refined Lattice Parameters, and Refined Site Occupancies of
(K,Rb,_);H(SeO,), and (Cs,Rb,_);H(SeO,), Solid Solutions at Room Temperature”

R-values lattice parameters site occupancy by Rb
% K measured R, (%) R,, (%) space group a (A) b (A) c (A) B (deg) M(1) M(2)
100 322 5.68 A2/a 10.1388(12) 5.9074(S) 14.9701(2) 103.649(3) 0 0
89(1) 2.16 3.70 A2/a 10.1828(2) 5.9352(1) 15.0328(4) 103.595(1) 0.03(1) 0.15(1)
79(1) 226 4.99 A2/a 10.2172(2) 5.9556(1) 15.0814(S) 103.546(1) 0.18(1) 0.22(1)
71(1) 228 5.28 A2/a 10.2561(3) 5.9762(1) 15.1297(6) 103.497(1) 0.08(1) 0.39(1)
58(2) 221 5.57 A2/a 10.2939(6) 5.9978(1) 15.1862(11) 103.436(3) 0.12(1) 0.57(1)
48(2) 2.31 7.88 A2/a 10.3266(8) 6.0112(2) 15.2196(15) 103.387(4) 0.28(1) 0.64(1)
38(1) 224 6.86 A2/a 10.3566(9) 6.0288(2) 15.253(2) 103.204(5) 0.28(1) 0.79(1)
31(2) 227 6.12 A2/a 10.3925(7) 6.0460(2) 15.3036(14) 103.118(4) 0.41(1) 0.83(1)
18(1) 227 4.96 A2/a 10.4228(4) 6.0649(1) 15.3557(7) 103.092(2) 0.46 1.00
9(1) 2.20 3.51 A2/a 10.4587(3) 6.0835(1) 15.4034(5) 102.995(1) 0.73 1.00
0 2.94 3.69 A2/a 10.4899(8) 6.0985(3) 15.4458(13) 102.910(3) 1 1
R-values lattice parameters site occupancy by Cs
% Cs measured Ry, (%) Ry, (%) space group a (A) b (A) ¢ (A) B (deg) M(1) M(2)
0 2.94 3.69 A2/a 10.4899(8) 6.0985(3) 15.4458(13) 102.910(3) 0 0
5(1) 1.96 3.70 A2/a 10.5116(9) 6.1149(4) 15.475(2) 102.920(2) 0.02(1) 0.07(1)
7(1) 1.97 3.29 A2/a 10.5237(11) 6.1231(5) 15.491(2) 102.925(2) 0.08(1) 0.06(1)
21(2) 2.06 3.34 A2/a 10.5898(14) 6.1708(6) 15.577(2) 102.924(3) 0.21(1) 0.21(1)
32(2) 2.09 3.70 A2/a 10.6461(14) 6.2095(6) 15.651(2) 102.904(3) 0.22(2) 0.37(1)
46(2) 2.14 3.81 A2/a 10.7062(15) 6.2484(6) 15.725(3) 102.864(3) 0.23(2) 0.57(1)
63(1) 223 3.81 A2/a 10.7922(14) 6.3004(6) 15.825(2) 102.796(3) 0.27(2) 0.81(1)
72(2) 2.39 3.85 A2/a 10.8329(12) 6.3198(5) 15.862(2) 102.752(3) 0.40(2) 0.88(1)
83(1) 224 443 A2/a 10.8878(12) 6.3467(5) 15.912(2) 102.693(3) 0.49 1.00
93(2) 2.46 3.94 A2/a 10.9399(12) 6.3705(5) 15.958(2) 102.647(2) 0.79 1.00
97(1) 2.41 3.75 A2/a 10.9717(8) 6.3859(3) 15.9918(14) 102.640(2) 0.90 1.00
C2/m 10.895(2) 6.3783(3) 8.4430(13) 112.541(3) 0.90 1.00
98(1) 2.93 447 C2/m 10.8951(15) 6.3804(2) 8.4424(10) 112.511(2) 0.93 1.00
100 3.61 4.90 C2/m 10.901(2) 6.3911(3) 8.4484(12) 112.443(3) 1 1

“Occupancies which refined to values >1 were fixed to 1.00, implying a fixed occupancy value on the remaining cation site to match the measured

composition.

irrespective of the phase, Figure S, that is, as the larger cation is
introduced into the solid solutions, it is incorporated primarily
on the M(2) site. Only after the M(2) site is fully occupied by
the larger cation does substantial incorporation occur on the
M(1) site. The composition M'M,”H(SeO,), can be
considered a special composition reflecting a structure in
which the larger M” cation entirely occupies the M(2) site and
the smaller M’ cation entirely occupies the M(1) site. While
the data do not reveal such perfect site ordering, it is noted that
because of the platelet morphology of the crystallites, preferred
orientation effects complicated the refinement. Such effects
were particularly severe in the high-temperature measurements
because the samples could not be spun during data collection
because of the geometry of the heating stage. Thus, the
statistical uncertainty implied by the refinements most
certainly underestimates the true uncertainty, and the extent
of site disproportionation is not fully known.

The origin of the site occupancy trends can be rationalized
in terms of the crystal structures. As shown in Figure 4, the
M,H(SeO,), structures are comprised of double layers of
hydrogen-bond-linked SeO, groups. Hydrogen bonds form
between the apical oxygen atoms of the selenate groups, and in
the trigonal phase, the hydrogen bond is dynamically
distributed between three possible directions. The M(1)
cation sites lie in the interstices of the H(SeO,), layers,
coordinated by six oxygen neighbors (none of which
participates in hydrogen bonding). The M(2) cations reside
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between the H(SeO,), layers, coordinated by ten oxygen
neighbors (with one participating in hydrogen-bond forma-
tion). The polyhedra about M(1) are substantially smaller than
those about M(2). For example, in Rb;H(SeO,),, the M(1)—
O distances range from 2.813(13) to 3.026(13) A (Table S2)
with an average of 2.946(11) A, whereas the M(2)-O
distances range from 2.881(12) to 3.40(4) A, with an average
value of 3.107 A. The larger cation is thus incorporated into
the M site with a larger coordination polyhedron, the M(2)
site. It might also be expected that preferential incorporation of
the larger cation into the site between the (001) aligned
H(SeO,), bilayers would expand the lattice normal to (001)
more than in the (001) plane. However, the chemically
induced expansion is isotropic in the (K.Rb,_.);H(SeO,),
system and in fact is slightly greater within the (001) plane
than normal to it in the (C,Rb;_,);H(SeO,), system (Figure
S3). Moreover, much like the overall molar volume at room
temperature (Figure 3a,b), the anisotropic chemical expansion
is approximately linear with composition. Thus, the site
occupancy preferences have no unusual influence on the cell
dimensions.

Consideration of the interatomic distances, in contrast,
reveals a possible impact of the cation site disproportionation.
In the trigonal phase, the M(2) atom, the apical oxygen, and
the Se are all aligned along the three-fold axis (not shown). In
the monoclinic structures, this alignment is largely retained and
the M(2) atoms are located almost directly above the apical
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Figure 2. HT-XRD patterns at indicated temperatures under lightly humidified nitrogen or helium (pH,O = 0.023 atm) of compositions in the
(M,Rb,_,);H(SeO,), (M = K or Cs) systems: (a) KzH(SeO,),, (b) 71% K, (c) 31% K, (d) Rb;H(SeO,),, (e) 46% Cs, (f) 97% Cs, (g) 98% Cs,
and (h) Cs3H(SeO,),. Blue patterns correspond to the A2/a phase, green patterns to the C2/m phase, aqua patterns to a mixture of A2/a and C2/
m phases, and red patterns to the R3m phase. The vertical lines in (e) are guides to the eye intended to highlight the small peak shifts.

oxygen atoms and Se atoms along the ¢* direction, Figures
4a,b. The M(2)—Se distance along this pseudotrigonal axis,
Figure 6, increases almost linearly in the (K,Rb,_,);H(SeO,),
system. In the case of the (C,Rb,_.);H(SeO,), system,
however, there is a distinct change in the slope at the special
composition RbCs,H(SeO,),. Because the distance between
planes does not show a similar change in the slope (Figure S3),
the behavior suggests a change in the selenate group
orientation and/or geometry upon incorporation of Cs into
M(1). The structural distortion is apparently too severe to
accommodate a Cs concentration of greater than ~90% on this
site, driving the transition of Cs;H(SeO,), at ambient
conditions to the C2/m structure.

3.2. Phase Behavior. The conductivity measurements,
Figure 7, revealed that all compositions displayed a transition
to a superprotonic phase, with the onset to the sharp
conductivity regime defined here as the transition temperature,
T, The diffraction and impedance data were combined to
develop the phase diagrams of the (K.Rb,_,);H(SeO,), and
(Cs,Rb,_,);H(SeO,), systems presented in Figure 8. Compar-
ison to the temperature at which the conductivity reflected a
complete transformation to the superprotonic state is provided
in the Supporting Information (Figure S4). For reference,
vertical lines representing special compositions KRb,H(SeO,),
and RbCs,H(SeO,), are indicated on the phase diagrams.
Dehydration behavior was not quantitatively studied here, but
overall, the thermal stability of the (K,Rb,_,);H(SeO,),
system was found to be lower than that of (Cs,Rb,_,);H-
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(SeOQ,),. The highest temperatures of the conductivity
measurements, which represent the lower limit on the thermal
stability of the R3m phase under pH,0 = 0.47 atm, are
reported in Figure S4.

The phase transformations measured here for the end-
member materials are consistent with the reported literature.
In particular, K;H(SeO,), transforms from the room temper-
ature A2/a phase to the R3m phase between 110 and 115 °C
as determined by diffraction, Figure 2a, and at 113 °C as
determined by the onset of the high conductivity behavior.
The changes in diffraction features between the 110 and 115
°C spectra are subtle, just as the physical changes to the
structure are subtle, but they are nevertheless detectable. In the
case of Rb;H(SeO,),, the intermediate phase of space group
C2/m, identified at 174 and 176 °C, Figure 2d, is not
immediately evident from the peak splitting; however, its
presence was supported on the basis of lattice parameter
refinements. The corresponding conductivity data revealed the
transition to the R3m phase at 179 °C. The Cs;H(SeO,),
compound clearly shows the presence of the expected A2/a
phase at 180 °C which completely transforms to the R3m
phase by 190 °C, Figure 2h. Generally consistent with these
results, the onset to high conductivity in Cs;H(SeO,), occurs
at 183 °C.

In several of the intermediate compositions, the phase
transformations were similarly subtle, particularly in the
(K, Rb,_,);H(SeO,), system. Nevertheless, the transition
behavior was detectable. In Figure 2a—d, the raw diffraction
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Table 5. Lattice Parameters in the R3m Phase of
(K,Rb,_,);H(Se0,), and (Cs,Rb,_,);H(Se0,), Solid
Solutions at the Temperature Indicated

R-values lattice parameters
% K measured R, (%) R,, (%) T,°C a (A) c(A)
100 3.33 13.03 115 5.9104(7) 21.809(2)
71(1) 340 12.47 115 5.9689(9) 22.044(2)
58(2) 3.22 1277 120 5.9873(11)  22.113(3)
38(1) 1.34 1090 130  6.0373(9) 22.370(2)
31(2) 1.97 9.96 130  6.0417(5) 22.3842(13)
9(1) 3.14 1538 165  6.0848(12)  22.601(3)
0 3.78 15.59 190 6.1133(5) 22.5917(10)
R-values lattice parameters
% Cs R,
measured (%S giZS T, °C a (A) ¢ (A)
0 3.78 15.59 190 6.1133(5) 22.5917(10)
S(1) 2.09 423 190  6.1257(4) 22.6600(11)
7(1) 2.11 4.81 190  6.1297(5) 22.6592(13)
21(2) 1.90 658 190  6.1578(6) 22.7403(11)
32(2) 2.19 596 190  6.2010(8) 22.876(2)
46(2) 228 670 190  6.2451(6) 22.9721(13)
63(1) 2.34 848 190  6.2884(8) 23.114(2)
72(2) 2.40 9.92 190  6.3134(7) 23.1842(15)
83(1) 2.83 1142 190  6.3520(9) 23.2672(15)
93(2) 2.85 10.85 190  6.3837(8) 23.3446(15)
97(1) 2.82 11.01 190  6.4012(8) 23.3871(15)
98(1) 2.10 4.81 190  6.4121(6) 23.489(2)
100 2.00 8.69 190  6.4183(12)  23.429(4)

patterns reveal splitting of what correspond to the (1 0 —5), (1
1 0), and (2 0 5) peaks of the hexagonal unit cell when the
monoclinic phase is present that disappear when only the
trigonal phase occurs. In the Cs-rich (Cs,Rb;_,);H(SeO,),
materials, clearer distinction between phases was evident, as
shown, for example, in Figure 2f, in which the split of the
hexagonal (1 0 —5) phase is strong at room temperature. In
the Rb-rich compositions of this system, the transformation
was reflected not by the merging of peaks but rather by an
unusual thermal contraction in the [0 0 1] direction. This
behavior is evident, for example, in the composition with 46 at.
% Cs, Figure 2e, in which the (0 0 9) peak shifts to an
increasingly high angle between 155 and 159 °C. The
coexistence of phases at 157 °C is concluded from the breadth
of the diffraction peaks. As indicated in Figure 2, the
coexistence of two phases was in fact rarely detected. While
higher resolution and higher sensitivity would be required to
definitely map out the two-phase regions, the diffraction results
nevertheless indicate that such regions are rather narrow. This
is corroborated by the relatively narrow temperature range
over which the conductivity increases, Figures 7 and S4.

The phase behavior in both systems is thus described as
approximately isomorphous with a weakly composition-
dependent transition temperature. The narrow extent of two-
phase regions implies that the cation mixing thermodynamics
are similar in the high- and low-temperature phases. Analogous
behavior has been observed in the CsH,PO,—RbH,PO,
system.” Both the (K,Rb,_,);H(SeO,), and (Cs,Rb,_,);H-
(SeO,), systems furthermore display a minimum transition
temperature at an intermediate composition: at 79 at. % K in
the (K.Rb,_,);H(SeO,), system and at 46 at. % Cs in the
(Cs,Rb,_,);H(SeO,), system. Both phase diagrams also have a
small peritectiod region near Rb;H(SeO,),, reflecting the
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occurrence of the C2/m phase at high temperatures in the Rb
compound. Perhaps surprisingly, the transformation behavior
appears independent of the cation site disproportionation
behavior, showing no unusual feature at the special
composition M'M,"H(SeO,),.

There has been recent discussion in the literature regarding
the possible influence of strain on the superprotonic transition
temperature in the M3H(XO,), class of compounds. In
particular, Matuso et al.* have suggested that spontaneous
strain in the monoclinic phase, defined with respect to the
dimensions of the trigonal phase, contributes to the formation
energy of the former. The greater this strain, the lower the
enthalpy of transition to the higher enthalpy trigonal phase,
and consequently, the higher the transition temperature.
Kiyanagi et al.'® have suggested a more directly physical origin
of strain energy as that deriving from the distortion of the
selenate tetrahedra away from three-fold rotational symmetry
about the Se—O bond. These authors suggest the standard
deviation in O—Se—O angles as a metric for the strain. Because
it is not possible to reliably determine oxygen coordinates in
crystals with heavy elements from lab-based X-ray powder
diffraction data, here, we consider the lattice parameter-based
approach. In such cases, the transition temperature should
follow the expression

2
Tsp = Cl - C2ao (1)
where C,; and C, are constants and the strain, a,, is defined as
b, — a,/\3
a,=——
2b,, )

where a,, and b,, are the lattice constants in the monoclinic
phase. In principle, these are the cell parameters at T, but the
moderate transition temperatures imply thermal expansion
effects are limited and the room-temperature lattice constants
suffice for the analysis.

The measured transition temperatures are plotted in Figure
9 as a function of the square of the measured strain. The
behavior suggests a correlation between these two parameters;
however, the strain alone is not fully predictive of the transition
temperature. In the (Cs,Rb,_,);H(SeO,), system, the non-
monotonic behavior of the transition temperature with
composition is reasonably well captured by the strain behavior,
with Cs-rich and Rb-rich compositions of equal strain showing
similar (within 10 °C) transition temperatures. However, with
an overall variation in T, of only 25 °C, a 10 °C difference at a
given strain value is large and indicates the role of other factors.
In the (K,Rb,_,);H(SeO,), system, the results are strongly
nonlinear. The transition temperature drops rather sharply
between 0 and 50 at. % K, with a moderate decrease in a,’.
Beyond 50 at. % K, the transition temperature is relatively
unchanged despite a continued increase in ay”. Thus, although
the data for Cs, Rb, and K compositions considered alone are
almost co-linear,”® the significant difference between the data
of the solid solution systems brings into question models that
suggest the transition temperature can be largely predicted by
the global lattice strain. These solid solutions may serve as
future model systems for evaluating more sophisticated
analyses based on selenate group distortion.

3.3. Transport Properties. Beyond showing the occur-
rence of a phase transformation for all compositions, Figure 7
reveals that the magnitude of the conductivity in both chemical
systems studied varies systematically with composition. In
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Figure 3. Molar volume of (a) (K,Rb,_,);H(SeO,), and (b) (Cs,Rb,_,);H(SeO,), materials at room temperature and, respectively, (c,d), at high
temperatures under pH,0O = 0.023 atm (balance N, or He). In (c), data are reported for the (K,Rb,_,);H(SeO,), system at a temperature a few
degrees above the transition to the trigonal phases (as indicated), whereas in (d), data for the (Cs,Rb,_,);H(SeO,), system are all at 190 °C. Molar
volume error bars are obtained from uncertainty of the Rietveld fit and in most cases fall within the data points. Compositional error bars are

obtained from EDS chemical analysis.

particular, in the superprotonic phase, the conductivity
increases monotonically with decreasing cation ionic radius,
Figure 10. Here, the conductivities measured at 190 °C for the
(Cs,Rb,_,);H(SeO,), materials are shown, along with
extrapolated values for the (K,Rb,_,);H(SeO,), materials.
The latter is obtained, under the assumption of Arrhenius
behavior in the superprotonic regime, eq 3

] ()

where E, is the activation energy (formally, the activation
enthalpy), kg is Boltzmann’s constant, and A is the pre-
exponential factor that includes the activation entropy.
Whether from the isotherm in Figure 10 or the complete
conductivity data in Figure 7, it is evident that the K-rich
materials display both high conductivity and a low super-
protonic transition temperature. Accordingly, they have higher
conductivity at lower temperatures than the Cs-rich materials
have at higher temperatures. The beneficial impact of
decreasing cation ionic radius observed here is, surprisingly,
the opposite of what has been observed in Cs,_,Rb,H,PO,, in
which introduction of Rb raises the transition temperature and
decreases the superprotonic conductivity relative to neat
CsH,PO,."” In CsHSO, as well, partial substitution Cs with
Rb decreases the conductivity in the superprotonic phase, but
in this case without significantly impacting the transition
temperature.”””> We speculate that in the M;H(SeO,),

—E

a

kT

A

c=—c¢e
£
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compounds, small cations may, as a consequence of
contracting the structure, decrease the O—O hydrogen-bond
distance and thereby decrease the barrier to proton transfer.”’
Such an interpretation is supported by computational studies
of Rb;H(SeO,), which suggest that proton transfer along the
O—0 bond is the rate-limiting step as opposed to selenate
group reorientation.”*

Consistent with the hypothesis that a decrease in cell volume
and selenate—selenate interatomic distances may decrease the
barrier to proton transport, the activation energies for
transport, Figure 11, are found to decrease monotonically
with decreasing cation size, with a possible anomaly in the
vicinity of the special composition RbCs,H(SeO,),. Shown
also in Figure 11 is the pre-exponential factor, which is
observed to vary with cation chemistry in a manner almost
identical to that of the activation energy. The similarity in the
trend lines motivates a direct comparison of the two quantities.
As shown in Figure 12, In(A) is approximately linearly related
to the activation energy. Such a correlation, known as the
Meyer—Neldel compensation rule,”® has been observed in a
wide range of materials and phenomena. Yelon and Movaghar
have proposed that the behavior results from multiexcitation
processes, which are required when the energy barrier for the
process is large relative to kgT and thus to the typical
excitations of the system.”® Accessing these multiple excitation
states implies a large configurational entropy, which then scales
with the barrier energy. Linear scaling between In(A) and E,, as
observed in the present study, is expected for most types of
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Figure 4. Crystal structures of M3H(SeO,), solid acids: (a) room-
temperature A2/a monoclinic structure of K;H(SeO,), and RbyH-
(Se0,), shown in projection on (001); (b) room-temperature C2/m
monoclinic structure of Cs;H(SeO,), at room temperature shown in
projection on (001); (c) high-temperature R3m structure of all three
M;H(SeO,), compounds (M = K, Rb, Cs), shown in projection on
(001); (d) high-temperature R3m structure shown in projection on
(100). For simplicity, only portions of the structure along the (001*)
direction are shown. In addition, hydrogen atoms are placed on high
symmetry sites and partial occupancies are not indicated.

excitations. The slope of In(A) versus E, in such cases is equal
to 1/A,, where A, is the energy scale of the excitations and T,
Ay/ky is the isokinetic temperature, the temperature at
which all materials in the class have the same value of the
property of interest; here, conductivity.

The data in Figure 12 reveal three distinct regions of
behavior. The compounds in the (K,Rb,_,);H(SeO,), system
are described by a single linear correlation, whereas those in
the (C,Rb,_,);H(SeO,), system are described by two lines
with slightly differing slopes but experimentally identical
intercepts. The resulting three A, values lie between about
55 and 80 meV. In the superprotonic phases of these materials,

all protons are understood to participate in the transport
process. Consequently, defect formation energies do not
contribute to E, and cannot explain the distinct values of A,.
This stands in contrast to a recent study of Li-ion conductors,
in which scatter in the Meyer—Neldel plot could be resolved
by considering defect formation energies.27 Instead, here,
microscopic chemical factors may generate different excitation
processes across the (K ,Rb,_,);H(SeO,), and (Cs,Rb,_,);H-
(SeQ,), systems. Such factors may also explain the different
intercept values, which reflect terms such as jump distance and
attempt frequency. The measurable change in A, at the special
composition of Cs,RbH(SeO,), in the (Cs,Rb,_,);H(SeO,),
system points toward an influence of the cation distributions
over the M(1) and M(2) sites in the R3m phase on the
energetics of proton transport. There is a hint of a similar effect
in the (KRb,_,);H(SeO,), system, but the evidence is less
convincing.

4. SUMMARY AND CONCLUSIONS

On the basis of X-ray diffraction and conductivity studies, the
phase diagrams of the (K,Rb,_,);H(SeO,), and
(Cs,Rb,_,);H(SeO,), systems have been established. K;H-
(SeO,), and Rb;H(SeO,), are completely miscible at room
temperature, with all compositions crystallizing with the
monoclinic structure in space group A2/a. In the
(Cs,Rb,_,);H(SeO,), system, in which the distinct structures
of the end-members preclude complete miscibility at ambient
temperature, it is found that Cs is highly soluble in
Rb;H(SeO,),, with the A2/a monoclinic phase occurring at
compositions up to 93 at. % Cs. Conversely, the solubility of
Rb into the C2/m structure of Cs;H(SeQ,), is only ~2 at. %.
At 97% Cs, a two-phase mixture of both the Rb;H(SeO,), and
Cs;H(SeQ,), structure types occurs. Furthermore, in both
systems, there is a preference for larger cations to be
incorporated at sites between the H(SeO,), layers rather
than sites within the layers.

All compositions undergo a superprotonic transition to the
trigonal R3m phase well-known for the M;H(SeO,), class of
solid acids. All two-phase regions are narrow, suggesting that
the thermodynamics of mixing are the same across crystal
structures, consistent with the observation that site occupan-
cies are unchanged across the transition. Significantly, both
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Figure S. Site occupancies in (a) (K.Rb,_,);H(SeO,), and (b) (CsRb,_,);H(SeO,), solid solutions in the room temperature and high-
temperature phases (as indicated). Arrows on each figure are guide to the eye, indicating trends. The vertical dashed lines indicate the special
compositions KRb,H(SeO,), and Cs,RbH(SeO,),, respectively. These compositions correspond to those in which cations sites are fully
differentiated, and the larger cation resides in the larger of the two available cation sites. Site occupancy error bars are obtained from uncertainty of
the Rietveld fit, and compositional error bars are obtained from EDS chemical analysis.
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Figure 7. Conductivities all compositions in the (K,.Rb,_,);H(SeO,), and (Cs,Rb,_,);H(SeO,), systems upon heating under humidified nitrogen
(pH,O ~ 0.473 atm): (a) 100—58% K, (b) 49—0% K, (c) 0—46% Cs, and (d) 63—100% Cs.

systems show a minimum in the superprotonic transition
temperature, with a T, that is loosely correlated with the
magnitude of the strain of the monoclinic phase relative to the
ideal trigonal structure. The correlation suggests that distortion
of the selenate group away from the ideal three-fold symmetry
about the apical oxygen atom increases the formation energy of
the monoclinic phase and lowers the enthalpic driving force for
the superprotonic transition. Overall, the transition temper-
atures in the (K,Rb,_,);H(SeO,), system are significantly
below those of the (Cs,Rb,_,);H(SeO,), system. Further-
more, there is a monotonic increase in superprotonic
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conductivity and a monotonic decrease in activation energy
with decreasing average cation ionic radius. This behavior is
tentatively attributed to a contraction in the length of the
hydrogen bonds, presumed from the contraction of the cell
volume. At high temperatures, there is also a clear correlation
between activity energy and pre-exponential factor for proton
transport. Overall, the systematic variation of chemical and
crystallographic properties in the (KRb,_,);H(SeO,), and
(Cs,Rb;_,);H(SeO,), systems provide an ideal test bed from
which the factors controlling superprotonic transport can be
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established. The studies carried out here are an important step
on that path.
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