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ABSTRACT: We report the discovery of a new superprotonic ) rotating
compound, Cs,(H,PO,)(H,PO,);, or CPP, which forms at rﬂ::t(')':? H.POS
elevated temperatures from the reaction of CsH,PO, and
CsH(PO,),. The structure, solved using high-temperature
single-crystal X-ray diffraction and confirmed by high-temperature
3P NMR spectroscopy, crystallizes in space group Pm3n and has a
lattice constant of 20.1994(9) A at 130 °C. The unit cell resembles  rotsting
a4 X 4 X 4 superstructure of superprotonic CsH,PO,, but features e
an extraordinary chemical moiety, rotationally disordered H,PO,*
cations, which periodically occupy one of every eight cation sites.
The influence of this remarkable cation on the structure,
thermodynamics, and proton transport properties of the CPP phase is discussed. Notably, CPP forms at a temperature of 90 °C,
much lower than the superprotonic transition temperature of 228 °C of CsH,PO,, and the compound does not appear to have an
ordered, low-temperature form. Under nominally dry conditions, the material is stable against dehydration to ~151 °C, and this
results in a particularly wide region of stability of a superprotonic material in the absence of active humidification. The conductivity
of Cs,(H,PO,)(H,PO,); is moderate, 5.8 X 10™* S cm™ at 140 °C, but appears nevertheless facilitated by polyanion (H,PO,")
group reorientation.

rotating
H,PO,*

3P NMR shift (ppm)

1. INTRODUCTION of Cs deficiency on CDP, achieved by the addition of excess
CsH(PO,), or H;PO,.'” While the authors reported
unusually high proton conductivities at temperatures below
the superprotonic transition temperature of CDP, the phase
behavior was not characterized.

Here we report the discovery of a new superprotonic
compound: heptacesium tetra-hydroxyphosphonium octa-
dihydrogenphosphate, Cs,(H,PO,)(H,P0,);, or CPP. The
compound was revealed as part of a systematic study of the
phase behavior in the CDP—CsH(PO,), system. As described
below, CPP is thermodynamically stable at temperatures as
high as 151 °C even without humidification and can be
produced by either solid-state reaction or high-temperature
crystallization from aqueous solution. The structure of
Cs,(H,PO,)(H,PO,); is rather remarkable in that it contains
the tetra-hydroxyphosphonium cation, H,PO,*. This polycat-
ion is an exceptionally rare species, especially in crystalline
solids. The first supported report of its occurrence in a
crystalline material was in H,PO,-ClO,, but the structure was

Superprotonic solid acids are crystalline phases characterized
by orientationally disordered acidic oxyanion groups that
undergo rapid reorientation around fixed central atoms. The
coupling of this motion with interoxyanion proton hopping
produces a variant of the Grotthuss mechanism and results in
high proton mobilities along with long-range proton transport.
Among the known superprotonic conductors, cesium dihy-
drogen phosphate, CsH,PO,, or CDP, is particularly suited for
implementation as a fuel cell electrolyte, because, in addition
to its high proton conductivity, it displays chemical stability
against reaction with both oxygen and hydrogen. Accordingly,
CDP has been heavily studied in this capacity.'”’ The
superprotonic phase of CDP features a CsCl-like arrangement
of Cs cations and orientationally disordered phosphate anions.
The phase occurs at temperatures above 228 °C, but requires
active humidification (~pH,0 > 0.2 atm) to prevent
dehydration.” Several authors have sought to use chemical
modification to expand the stability window of the super-
protonic CDP phase and reduce the humidification require-
ments. The various approaches have included cation site Received:  August 17, 2020
doping with Rb, K,” NH,,'" and Ba,'' as well as Published: November 12, 2020
“heterogeneous” doping by introducing components such as

Cs,HPO,-H,0,"” Ba(H,PO,),,"* Si0,'* SiP,0,,"* and even

CssHgNO.'® Of particular relevance to the present work is a

study that was conducted by Ponomareva et al. on the impact
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Figure 1. Crystal structure of Cs,(H,PO,)(H,PO,);: (a) rendition of the asymmetric unit, depicting atomic displacements; (b) projection of the
unit cell along [100]; (c) projection along [111]; and (d) idealized depiction of the arrangement of species on the cation sites. In (a) unlabeled
atoms are oxygen; in (b), (c), and (d), H,PO, groups are shown as polyhedra, with those about P1 and P2, the polycations, shown in blue, and
those about P3 and P4, the polyanions (not depicted in (d)), shown in yellow; Cs atoms are shown in red.

not characterized.'"® To our knowledge, the only prior
crystallographic studies of the H,PO," ion have been in
KHZPO4,19 a result that has been questioned,20 and in
P(OH),"MFs~ (M = As, Sb).”° In both the crystalline and
the liquid systems, the occurrence of tetra-hydroxyphospho-
nium is attributed to the presence of strong acids capable of
donating protons to the phosphate group.”’~** The absence of
such groups in Cs,(H,PO,)(H,PO,); renders the present
discovery particularly surprising. Here we evaluate the proton
transport, thermodynamics, and stability of this new
compound.

2. CRYSTAL SYNTHESIS AND STRUCTURE
DETERMINATION

2.1. Methods. The compounds CsH,PO, (CDP) and
CsH;(PO,), were independently prepared as precursors for
the synthesis of CPP. Crystals of both materials were grown
from the evaporation of aqueous solutions of stoichiometric
quantities of Cs,CO; and phosphoric acid at ambient
conditions. Stoichiometric mixtures of CDP and CsH:(PO,),
(5:2 molar ratio) were homogenized by grinding, pressed into
dense compacts at 275 MPa, and annealed at 130 °C for 3 days
under dry N, gas flow. After being annealed, the densified
samples were immediately transferred to an N, atmosphere
glovebox and further ground into a powder. As shown below,

no reaction between CDP and CsH;(PO,), occurs throughout
these processing steps. All subsequent references to powder
precursor samples are to materials prepared in this way.

Crystals of Cs,(H,PO,)(H,PO,); were grown for single-
crystal X-ray diffraction from the powder precursor samples
using a high-temperature deliquescence and crystallization
procedure.”* Approximately 1 g of the powder sample of CDP
and CsH¢(PO,), was heated to 102 °C in a tube furnace. A
highly humidified gas stream (pH,O = ~0.93 atm) was then
supplied to the sample, achieved by bubbling 40 sccm
(standard cubic cm per min) Ar through 98 °C water. The
sample was held under this condition for 6 h to achieve
complete deliquescence, forming a concentrated liquid
solution. The temperature was then slowly increased to 130
°Cin 5 °C steps with a 2 h hold at each step, while maintaining
the humidified atmosphere. The water gradually evaporated,
and the target phase crystallized. The crystals were stored and
transported to the diffractometer in a small mobile oven kept
at 130 °C. During the diffraction measurements, the selected
crystal was preserved by a flow of argon heated to 130 °C. To
maintain the high-temperature structure, exposure to ambient
temperature was limited to only the steps of crystal selection
and mounting.

Single-crystal X-ray diffraction data for structure solution
were collected using Mo Ka radiation (4 = 0.71073 A) on a
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Bruker Kappa APEX with a CCD (charge-coupled device) area
detector. Absorption corrections were applied using SADABS-
2016/2. A total of 9772 reflections were captured, from which
a cubic unit cell with a = 20.1994(9) A was established. The
space group was determined as Pm3n using Xprep (SHELX).”
The formula unit was defined as 7 cesium atoms, 9 phosphorus
atoms, and 36 oxygen atoms, with 8 formula units per unit cell,
where the protons have been left out of the structure
refinement.

The structure of CPP was solved by direct methods
(SHELXS) and refined by least-squares minimization
(SHELXL).25 Direct structure solution generated an asym-
metric unit with five Cs and three P atom sites. An additional P
atom site was subsequently identified, producing, as a
consequence of the site multiplicities, the anticipated Cs:P
ratio of 7:9. All atoms were initially refined with isotropic
thermal displacements. Oxygen positions were found using
successive Fourier difference maps, while restraining oxygen
thermal displacements to Uy, = 0.08 A*> and P—O bond lengths
to 1.58 A. Significant attention was paid to establishing the
oxygen site occupancies during structure refinement. Ulti-
mately, a value of 1/3 for all oxygen sites produced the most
sensible coordination environments and overall stoichiometry.
In the final stages of the analysis, variable anisotropic thermal
displacement parameters were introduced, and the structure
was refined until convergence. Final respective R; and wR,
values of 4.28% and 12.12% were achieved. Details of the
diffraction experiment, structure solution, and refinement are
summarized in Table S-1.

Further structural characterization was carried out by high-
temperature solid-state 'H and *'P magic angle spinning
(MAS) nuclear magnetic resonance (NMR) spectroscopy,
which also provided insight into the material dynamics. MAS
NMR spectra were collected on a Bruker spectrometer at a
Larmor frequency of 300 MHz for 'H and 121 MHz for *'P,
using a 4 mm Bruker MAS probe at a sample spinning rate of 8
kHz. A powder mixture of the precursors (CDP:CsH;(PO,), =
5:2 molar ratio) was packed into a zirconia rotor for placement
into the probe. Variable-temperature "H and *'P NMR spectra
were collected between room temperature and 145 °C. For '"H
NMR, a single 7/2-pulse of 5.70 us was applied with a recycle
delay of 500 s. For *'P NMR, a single 7z/2-pulse of 2.98 us was
applied with a recycle delay of 1000 s. For measurements taken
between 120 and 145 °C, in which the CPP phase was
observed, the recycle delay for both "H and *'P was set to 50 s.
In a separate series of measurements, 24-kHz '"H-decoupling
was applied during the collection of P NMR spectra between
room temperature and 120 °C. In the 'H-decoupled *'P NMR
measurements, again, a single 77/2-pulse of 2.98 s was applied
but with a 300 s recycle delay. In all measurements, 10 min of
temperature equilibration was allowed at each step prior to
data acquisition. The *'P NMR shifts were calibrated using 85
wt % H3PO, with a *'P resonance at 0 ppm. The 'H NMR
shifts were calibrated using adamantane with a 'H resonance at
1.83 ppm. Temperature control was achieved using a heated
dry N, gas stream, and temperature values were calibrated
using *’Pb NMR of Pb(NOj),.

2.2, Results: Structure of Cs;(H,PO,)(H,PO,)s. The
cubic structure adopted by Cs,(H,PO,)(H,P0O,)s (Figure la-
¢, Table 1, and Table S-2) bears significant similarities to that
of superprotonic CDP. Like the latter, CPP has a CsCl-like
structure with orientationally disordered H,PO,” groups
residing on the anion sites. In contrast to CDP, however,

Table 1. Structure of Cs,(H,PO,)(H,PO,)s with Atomic
Positions and Site Occupancies”

atom X y Z occupancy
Csl 025 0.5 0 1
Cs2 0 0.5 0 1
Cs3 025 0.25 0.25 1
Cs4 0 0.23261(6) 0 1
CsS 0.27088(4) 0.24886(3) 0 1
P1 0 0 0 1
P2 0.5 0.25 0 1
P3 0.13502(8) 0.13502(8) 0.13502(8) 1
P4 0.13421(9) 0.36442(9) 0.11283(9) 1
01 —0.0517(12) 0.0557(11) 0 1/3
02 0.086(3) 0.077(2) 0.1237(8) 1/3
03 0.1974(9) 0.0903(9) 0.1222(18) 1/3
04 0.1974(7) 0.1299(13) 0.0906(7) 1/3
0s 0.2086(6) 0.1540(14) 0.1397(14) 1/3
06 0.0902(7) 0.3012(6) 0.1155(13) 1/3
07 0.1178(11) 0.3028(7) 0.1576(8) 1/3
08 0.1488(14) 0.2922(6) 0.0952(13) 1/3
09 0.1979(8) 0.3720(15) 0.1563(8) 1/3
010 0.1981(8) 0.4078(10) 0.1141(17) 1/3
011 0.2080(5) 0.3480(10) 0.1004(12) 1/3
012 0.1242(9) 0.4182(13) 0.1647(13) 1/3
013 0.0952(14) 0.3781(11) 0.1767(9) 1/3
014 0.0799(15) 0.4181(15) 0.1234(13) 1/3
015 0.1214(13) 0.4109(7) 0.0529(7) 1/3
016 0.0869(7) 0.3724(17) 0.0529(7) 1/3
017 0.150(2) 0.357(2) 0.0391(8) 1/3
018 0.4420(8) 0.2005(9) 0 1/3
019 0.5532(11) 0.3020(11) 0 1/3
020 0.4463(5) 0.25 —0.0537(5) 1/3

“Anisotropic thermal displacements are provided in Table S1. The
number in parentheses is the uncertainty in the final digit(s).

one of every eight cation sites of the CsCl substructure is
occupied by an orientationally disordered PO, group. The
regular placement of these groups results in a 4 X 4 X 4
superstructure relative to CDP with a reduced symmetry space
group of Pm3n. Electrostatic considerations argue that these
PO, groups must be polycations of chemistry H,PO,", a
conclusion supported by NMR studies described below. Using
these site-charge assumptions, the asymmetric unit contains
five Cs cations, two H,PO," cations (centered around P1 and
P2), and two H,PO,” anions (centered around P3 and P4).
Because of the high degree of orientational disorder associated
with the phosphate groups, it was not possible to resolve the
proton positions from the diffraction analysis.

The geometric parameters characterizing the PO, tetrahedra
are summarized in Table S-3. The 1/3 occupancy of oxygen
atoms about the P3 and P4 atoms can be readily mapped to
three distinct orientations for these anion phosphates (Table S-
3). The average P—O bond lengths in these units are
1.552(11) A (P3) and 1.548(11) A (P4), in agreement with
the values reported for H,PO,” tetrahedra by Ichikawa et al.*®
In the case of the P1 and P2 H,PO," groups, six orientations
are inferred, with each oxygen position being relevant to two
unique orientations. The P—O(H) bond lengths of the
H,PO," cations, in which all four P—O bonds are presumed
to be protonated, have average values of 1.535(11) A (P1) and
1.528(15) A (P2). These bond distances, which are notably
shorter than the analogous distances in the polyanion groups,
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are consistent with the values of around 1.53 A reported for
P(OH),"MF,~.*°

The 'H-decoupled high-temperature *'P NMR spectra,
acquired between 110 and 120 °C, Figure 2 and Table S-4,

P34

monoclinic
phase
i

120 °C

0 2 4 6 -8
3P NMR shift (ppm)

N
N

Figure 2. Variable-temperature 'H-decoupled *'P NMR spectra
collected between 110 and 120 °C. Peaks pl and p2 are attributed to
the polycations about P1 and P2, respectively, whereas peak p34 is
attributed to the polyanions about P3 and P4.

show four distinct phosphorus resonances. The —7 ppm
resonance corresponds to the phosphorus signal of monoclinic
CDP and diminishes in intensity with increasing temperature
as the transformation to CPP reaches completion. The features
of the remaining three resonances are largely temperature
invariant and are attributed to CPP. The most prominent of
these appears at —1.2 ppm and closely matches both the
position and the breadth of the phosphorus signal of
superprotonic CDP (—1.8 ppm).”” Thus, we assign this
resonance (p34) to the anion-site phosphorus atoms (P3, P4);
the chemical environments of these two distinct atoms are
apparently too similar to enable their resolution, although
there is a hint of a shoulder on the down-shift side of the main
peak. The two other phosphorus resonances at 3.3 ppm (pl)
and 2.3 ppm (p2) are assigned to the cation-site phosphorus
atoms P1 and P2, respectively. The assignment is in agreement
with previous *'P NMR studies of H,PO," cations in
concentrated acidic solutions, which reported chemical shifts
of approximately 2 ppm relative to phosphoric acid.””*»** A
downshift relative to the anion-site phosphorus resonance is
also consistent with the expectation that further protonating a
phosphate group will draw electron density away from the
central P, thereby reducing its electron shielding. The ratio of
integrated peak intensities, with pl:p2:p34 = 1:2.91:31.05,
closely matches that expected from the structure determination
(1:3:32). The sharpness of the pl, p2, and p34 resonances is
indicative of the rapid rotation of each phosphate tetrahedra.
This motion is further apparent in the XRD refined thermal
displacement parameters of the oxygen atoms, which are
enlarged in the direction normal to the P—O bonds in
comparison to those of the cesium and phosphorus atoms
(Figure 1a). The rotation of the H,PO," polycation creates a
relatively isotropic cation, which presumably facilitates its
substitutional replacement of Cs” in the structure.

The 'H MAS NMR spectra acquired at temperatures at
which the CPP phase is stable, between 120 and 145 °C, are
shown in Figure 3. The spectra contained only one major
resonance centered around 13.4 ppm, which is split into two
peaks due to 'H—*'P J-coupling of ~50 Hz. The splitting is

J(H,P) ~ 50 Hz
145 °C
140 °C

130 °C

120 °C e .

14.0 135 13.0 125
"H NMR Shift (ppm)

Figure 3. Variable-temperature 'H MAS NMR spectra acquired
between 120 and 145 °C. A single split resonance is observed, which
is indicative of rapid proton transfer between the polycation and
polyanion phosphate groups.

consistent with that of the pl and p2 resonances in the *'P
NMR spectra without 'H-decoupling (Figure S-1). The local
chemical environments of the protons on the polycation
(H,PO,") and polyanion (H,PO,”) groups are undoubtedly
distinct, and their differentiation by NMR would be expected.
Indeed, the *'P NMR spectra without "H-decoupling (Figure
S-1) show strong '"H—>'P coupling only about the p1 and p2
peaks of the polycation phosphorus species. Thus, the single
proton resonance indicates rapid proton exchange between all
sites, including exchange between polycation and polyanion
proton sites. That the individual proton chemical environ-
ments cannot be resolved implies that the exchange rate is very
fast, estimated to be on the order of 10® Hz.

The manner in which the H,PO," cations are arranged
within the CPP structure is of some note, Figure 1d. Within
the 4 X 4 X 4 superstructure cell, the polycations reside on the
corner and body-centered sites (P1), as well as two sites on
each of the unit cell faces (P2). In principle, a simpler
arrangement with equivalent stoichiometry can be achieved by
placing the H,PO,* cations at the corners of a 2 X 2 X 2
supercell. Adoption of the observed, more complex arrange-
ment may result because it minimizes the extent to which
H,PO," cations interact. In both the hypothetical and the
observed arrangements, the shortest distance between H,PO,*
cations, which presumably corresponds to the highest energy
interaction, is equal to twice the substructure lattice constant
(2a4y,)- In the hypothetical 2 X 2 X 2 supercell, each H,PO,*
cation is involved in six such interactions. In the observed
structure, interactions at this short distance (2ay,) are
observed only between P2 H,PO," cations, with each P2
cation neighboring two other P2 species. The second nearest
neighbor distances are conversely shorter in CPP (Figure S-2),
and an energy minimization argument for the cation
arrangement in CPP implies that the interaction energy
between H,PO," cations must drop relatively steeply with
distance. It is of some interest to note the Cs2 atom, which lies
directly along the short P2—P2 distance, has a displacement
ellipsoid that is elongated in the direction of the polycation
groups, Figure la. We suggest that motion of this Cs atom
accommodates the reorientation of the bulky H,PO," species.

https://dx.doi.org/10.1021/jacs.0c08870
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3. PHASE FORMATION AND STABILITY RANGE

3.1. Methods. The high-temperature phase behavior of
CPP was investigated using high-temperature X-ray powder
diffraction (HTXRD) under both ambient air and active
humidification. Samples were prepared by pressing precursor
powders of CDP and CsH(PO,), (5:2 molar ratio) into thin
compacts (~0.1 mm thick, 57 MPA) to enhance interparticle
contact and facilitate solid-state reaction. A Rigaku SmartLab
Gen 3 9 kW instrument (Cu Ka, 45 kV, 160 mA) equipped
with an Anton Paar XRK900 furnace was used for data
collection under ambient air. Samples were heated at a ramp
rate of 1 °C/min and held at each measurement temperature
for 15 min prior to data collection (10° 26/min and a 0.1° step
size). Patterns were recorded at 10 °C increments between 90
and 140 °C, and again at S °C increments in this temperature
range on cooling. HTXRD measurements under controlled
humidity were performed using an in-house constructed stage,”
mounted on a Rigaku Ultima diffractometer (Cu Ka, 40 kV, 44
mA). The sample was exposed to a humidified atmosphere
(pH,O = 0.4 atm) at temperatures above 130 °C by
introducing 25 sccm of N,, bubbled through a 80 °C water
bath prior to entering the sample chamber. Humidification was
introduced only at temperatures above 130 °C to prevent
condensation of water vapor in the stage. Data were collected
at temperatures between 130 and 165 °C, with a ramp rate of 1
°C/min and a 15 min hold at each temperature prior to data
collection (5° 26/min and a 0.3° step size).

The thermodynamic properties of CPP were studied by
simultaneous thermogravimetric analysis (TGA) and differ-
ential scanning calorimetry (DSC) using a Netzsch STA F3
equipped with a water vapor generator. Measurements were
performed under nominally dry Ar and under seven different
H,O partial pressures of between 0.05 and 0.6 atm using Ar as
a carrier gas (Figure S-1, Figure S-2, and Table S-5). Ground
powder samples (50—60 mg) were loaded into a Pt pan and
heated at a rate of 1 °C/min. For measurements under
humidified atmospheres, the sample was heated to 130 °C and
held for 2 h before water vapor was introduced. Again,
humidification was applied only at 130 °C and higher so as to
avoid water condensation.

3.2. Results: Thermodynamics of CPP Formation. The
HTXRD data (Figure 4) and thermal analysis results (Figure
5) reveal that CDP and CsH(PO,), react at elevated
temperatures to form CPP. Specifically, the diffraction data
show retention of the two reactant phases at 90 °C, whereas at
110 °C only CPP is observed. The DSC profile reveals that this
structural change is accompanied by a distinct thermal event
that initiates at 90 °C (and completes by ~110 °C). Notably,
no weight loss is observed during the DSC transition,
consistent with a solid-state transformation. The temperature
(T,n), enthalpy (A, ,H), and entropy (A,,S = A, ,H/T,,) of
the reaction were found to be 89.5 + 1.2 °C, 47 + S kJ/mol],
and 130 = 14 J/mol-K, Table 2, respectively, as averaged over
eight measurements, Figure S-4.

Further heating beyond the reaction temperature resulted in
conventional thermal expansion behavior (thermal expansion
coefficient a = 3.8(9) X 10~° K™, a = 20.2032(2) A at 130 °C,
Figure S-3). Retention of CPP was observed in the diffraction
data collected in the absence of active humidification up to 140
°C, Figure 4, and the onset of CPP decomposition at 151 °C
was evident in coincident mass loss and endothermic events
(Figure S). Thus, CPP is stable over a large temperature
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Figure 4. Powder X-ray diffraction patterns collected at 90, 110, and
140 °C under ambient atmosphere, and at 165 °C under 0.4 atm
pH,0. The pattern collected at 90 °C is a superposition of the
patterns of the monoclinic phases of CsH,PO, and CsH;(PO,),.
Patterns at 110, 140, and 165 °C are fully indexed to cubic
Cs,(H,PO,)(H,PO,)s.
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Figure S. Differential scanning calorimetry and thermogravimetric
profiles collected from a 5:2 CDP:CsH;(PO,), sample heated at 1
°C/min under flowing dry Ar. Here, the DSC peaks for the
superprotonic reaction (89 °C) and decomposition (151 °C) frame
the stability window of Cs,(H,PO,)(H,P0,)s under nominally dry
conditions.

Table 2. Thermodynamic Quantities for the Reaction to
Form CPP from the Precursors CDP and CsH(PO,),"

Cs,(H,PO,) normalized per
(H,PO,)s cube CsH PO,
reaction/transition T (°C) 90.0(1.2) 228
enthalpy (kJ/mol) 48(4) 6.0(5) 11.5
entropy (J/mol-K) 132(11) 16.5(1.4) 229

“The number in parentheses is the standard deviation in the final
digit(s). Values for the superprotonic transition of CDP are provided
for comparison.

window (90—151 °C) in nominally dry conditions. This stands
in marked contrast to CDP, the only other compound with a
superprotonic phase composed of oxyanions that are solely
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PO, groups, which has a superprotonic phase with a negligible
window of stability under dry conditions.

Active humidification resulted in suppression of the mass
loss reaction, as evidenced in the differential mass loss curves
of Figure 6. Such behavior implies the decomposition occurs
by dehydration, typical of this general class of materials.
Diffraction data collected at 165 °C under 0.4 atm pH,O,
Figure 4, confirmed retention of the cubic CPP phase to this
higher temperature. Close examination of the DSC curves of
Figure 6 reveals that those collected with pH,0 < 0.5 atm are
characterized by two overlapping thermal anomalies in the
vicinity of the onset of mass loss. The first produces a sharp
DSC peak at an onset temperature of 180 °C that is relatively
insensitive to humidification and that can be seen to occur
without mass loss in the data collected at pH,O = 0.6 atm.
Accordingly, this signal is tentatively assigned to a solid-state
phase transition. The second is a broad peak that coincides
with the broad peak in the dTG curves. Both of these broad
peaks shift to higher temperatures and diminish in intensity
with increasing pH,O. At pH,0O = 0.5 atm, the broad DSC
peak is barely visible, whereas at pH,O = 0.05 it is the
dominant thermal event and even initiates at a temperature
lower than the apparent solid-state transition. On the basis of
these results, a proposed phase stability diagram for
Cs,(H,PO,)(H,PO,); is presented in Figure 7. Here the
dehydration temperature is defined using the onset of the dTG
mass loss signal, and the solid-state phase transition temper-
ature is defined from the onset of the sharp DSC signal
Decomposition leading to a liquid dehydrate is proposed on
the basis of the nature of the product obtained from the
thermal analysis experiments, which had the appearance of a
vitrified droplet.

4. CONDUCTIVITY

4.1. Methods. Conductivity measurements were made by
ac impedance spectroscopy using an Agilent 4284A LCR
analyzer. Data were collected using a 20 mV amplitude (under
zero bias) over a 10°-20 Hz frequency range. A dense
compact, 1 mm in thickness, was prepared by pressing mixed
powders of CDP and CsH(PO,), (5:2 molar ratio) in a 15
mm die to achieve 93% theoretical density. Electrodes were
applied by sputtering 100 nm of Ag on each side. Data were
collected under flowing N, (40 sccm) over the temperature
range 60—170 °C. At temperatures of 140 °C and higher, the
supply gas was humidified by bubbling through a water bath at
80 °C to achieve pH,O = 0.4 atm. The sample was heated at a
rate of 2 °C/min in 5—10 °C increments and was held at each
temperature for 30 min prior to measurement.

Impedance spectra were analyzed using the commercial
software package Zview. As is typical of solid acid proton
conductors," at low temperatures, the spectra displayed a
semicircular arc in the Nyquist representation and could be
simulated using a single RQ parallel circuit, where R is a
resistor (equal to the bulk electrolyte resistance) and Q is a
constant phase element (ZQ = Q;'(iw)™, where Q, is a
constant, i is \/—1, @ is frequency, and n is a constant between
0 and 1).”” Despite the composite nature of the material, the
impedance arc was rather ideal, consistently displaying an n
value of ~0.9. At high temperatures, the characteristic
frequency for proton transport exceeded the frequency range
of the impedance analyzer, again a typical feature of solid acid
superprotonic materials, and a linear response reflecting the
electrode was obtained in the Nyquist plot (Figure S-5). These

T(°C)

140 160 180 200 220 240 260

T T T T T T T
pH,0 =0.05atm| -0.00
0.08
a L-0.02 ’E
0.06 =
£ £
~
; L-004 O)
0.04
E E
(@) --0.06 (D
0.02
(7p] =
(@) o
0.00 L -0.08
168.0 °C
1 n 1 n 1 1 L 1 L 1 L 1
T T T T T T T
pH,0 = 0.24 atm| [ 0.00
0.08 -
— -
o)) F002 C
& o008+
= %a
L -0.04
c 0041 &
Nen?} N
L O
8 0.02 0.06 |_6
o
0.00 L -0.08
178.8°C
t t t t t t t
L 0.00
0.08
a --0.02 E\
0.06 =
E £
~~
; 1004 O)
0.04 4
E E
(@) 006 (D
0.02
(7p] =
(@) he}
0.00 r-0.08
L L L L L L 1
T T T T T T T
pH.0 = 0.6 atm| [ 0:00
0.08
a +-0.02 ’C\
0.06 =
E £
=
; L-004 O
0.04
E E
O 006 (D
0.02
(7p] =
o o
0.00 T r-0.08
179.8 °C
1 1 1 1 1 1 1

140 160 180 200 220 240 260

T (°C)

Figure 6. Differential scanning calorimetry and differential thermog-
ravimetric profiles collected from Cs,(H,PO,)(H,PO,)s (formed in
situ by reaction between stoichiometric quantities of CDP and
CsH;(PO,),) at a heating rate of 1 °C/min under flowing humidified
Ar with water vapor partial pressure of (a) 0.05 atm; (b) 0.24 atm; (c)
0.5 atm; and (d) 0.6 atm, revealing the decomposition characteristics
of Cs,(H,PO,)(H,PO,);s as well as an unidentified solid-state phase
transformation at an onset temperature of 180 °C.
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Figure 7. Phase diagram for Cs,(H,PO,)(H,PO,)s. Dehydration
temperatures are identified according to the onset of mass loss
detected in the dTG profile. Phase transformation temperatures are
identified according to the onset of the sharp DSC signal, limited to
measurements with pH,O > 0.24 atm.

spectra were described using a Warburg diffusion element in
series with a resistor, where the latter was taken as the bulk
electrolyte resistance. Conductivity values were calculated
using the fitted resistances and the sample dimensions, which
were unchanged after measurement.

4.2. Results. The conductivity values as measured in two
successive heating cycles are plotted in Arrhenius form in
Figure 8. In the first heating cycle, a dramatic increase in
conductivity between 90 and 110 °C due to the formation of
CPP is evident, with the conductivity rising in this narrow
temperature regime by about 3 orders of magnitude. Following
the formation of the CPP phase, the conductivity is linear in
the Arrhenius representation, with an activation energy for
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Figure 8. Conductivity of Cs,(H,PO,)(H,PO,); as measured over
two successive heating cycles and plotted in Arrhenius form. The solid
line is a fit to the measured data, from which the activation energy and
pre-exponential factor for proton transport in Cs,(H,PO,)(H,PO,),
were determined.

charge transport of 0.652(4) eV (62.9(4) kJ/mol). In both the
subsequent cooling (not shown) and the second heating
stages, the data followed the first cycle linear trend for
temperatures ranging between 90 and 170 °C. No drop in
conductivity corresponding to a reverse transition was
observed on cooling. Introduction of humidification during
the second heating cycle had no impact of the magnitude of
the conductivity, but acted to prevent dehydration and enabled
measurement to ~170 °C.

Significantly, despite the many similarities between CPP and
superprotonic CDP, the activation energy for proton transport
of the new material is substantially larger than that of CDP
(0.652 vs 0.398 €V).” Concomitantly, the conductivity of CPP
is lower, although some of the difference is attributable to the
lower temperatures at which CPP is stable in comparison to
superprotonic CDP. Nevertheless, at 170 °C, close to the high-
temperature limit at which CPP is stable under moderate
humidification (T = 180 °C, pH,O = 0.4 atm), the
conductivity is ~2 X 107 S cm™!, an order of magnitude
lower than that of CDP at 250 °C.” The key structural feature
shared between CPP and CDP is the presence of orientation-
ally disordered H,PO,” anion groups, which participate,
presumably in both compounds, in the Grotthuss mechanism
of proton transport. The key distinction is the presence of
H,PO," cations in CPP, implying that this species must be
responsible, either directly or indirectly, for the lower proton
conductivity in this materia. The 'H NMR spectra, as
discussed above (Figure 3), reveal that fast exchange between
polyanion and polycation protons occurs, indicating that long-
range proton motion involves the unusual polycation species.
Furthermore, as was also noted above, strong 'H-3p coupling
is observed about the phosphorus atoms in the polycation
groups (Figure S-1), but not those in the polyanion groups.
This distinction indicates stronger H—P chemical interactions
for the polycation groups than for the polyanion groups, which
may in turn reflect a longer mean residence time for protons at
the polycation sites (than at the polyanion sites). The
participation of the polycations may thus directly impact
long-range proton transport by effectively creating proton
trapping sites.

Several indirect impacts of the polycation species may also
contribute or even be the primary cause of the diminished
conductivity and high activation energy in CPP. In CDP,
molecular dynamics simulations have pointed to PO,
reorientation as the rate-limiting step for proton transport.*’
In CPP, the presence of somewhat anisotropic H,PO," cations
with probable hydrogen bonds to the polyanions, and/or the
apparently fewer number of accessible polyanion orientations
(3 vs 6), may plausibly suppress the reorientation rate. On the
other hand (or perhaps in conjunction), a minimum in the
potential well for polyanion rotation that is broader than in
CDP could result in a decrease in the zero point energy of this
unit and thereby an increase in activation energy. Alternatively,
the larger distance between polyanion groups (acpp > 4 acpp)
may render the proton transfer between these units
unfavorable such that this step becomes rate-limiting. The
structural and macroscopic transport measurements reported
here set the stage for a future focused mechanistic study.

5. DISCUSSION OF CPP PHASE FORMATION

The formation of a stable compound that bears the H,PO,*
cation is surprising. The rarity of previous observations of this
cation suggests that this species is energetically unfavorable. At
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first glance, one might assume CPP to be stabilized by the high
degree of rotational disorder on both anion and cation sites,
particularly because the compound forms at temperatures
below which the analogous cubic phase of CDP exists.
However, the entropy of the reaction to form CPP is moderate
in comparison, for example, to the entropy of the super-
protonic transition of CDP, Table 2. In both cases, phase
formation and superprotonic transition, the reactants display
near-zero orientational disorder in their respective poly-ion
groups, and thus the transition/reaction entropy can be largely
attributed to the rotational disorder in the high-temperature
state.”’ The moderate entropy of CPP appears to result from
the limited number of orientations of the H,PO,” anion
groups in this compound, only three, as opposed to the six
orientations that occur in CDP. Ruling out entropy as the
driving factor, the ready formation of CPP must be a
consequence of enthalpic considerations. As shown in Table
2, the enthalpy of the reaction is small, approximately one-half
that of the enthalpy of the superprotonic transition of CDP,
implying that the enthalpy penalty to form CPP is low. The
presence of the energetically unfavorable H,PO," cation in
CPP suggests that the enthalpy of formation of CPP (from the
elements) must be at least as high, if not higher, than that of
superprotonic CDP. Thus, we propose that the low reaction
enthalpy is a consequence of a high enthalpy of formation of
the reactant, CsH(PO,),. This interpretation is supported by
the observation that CsH;(PO,), decomposes/melts at a
relatively low temperature of ~130 °C under inert atmosphere
(Figure S-7). In contrast, CDP under similar conditions is
stable to ~224 °C.*> Schematic diagrams of the thermody-
namic relations underlying the arguments presented here are
given in Figure S-8 (derivatives of Hess law diagrams) along
with further discussion. Finally, we note that, although the
reverse transformation was not extensively studied, in no case
was a low symmetry form of CPP encountered. Instead, a
gradual return to the precursor compounds occurred.

6. CONCLUSION AND SUMMARY

The structure, thermodynamic, and proton transport proper-
ties of superprotonic Cs,(H,PO,)(H,PO,); (CPP), a new
compound, are presented in this work. The compound forms
at 90 °C from the reaction of CDP and CsH;(PO,),. Single-
crystal diffraction studies in concert with NMR spectroscopy
revealed rotationally disordered H,PO,* polycations as
periodic features on the cation lattice, replacing Cs on one
of every eight cation sites. The regular, periodic placement of
the H,PO," cations reduces the symmetry of the cubic
structure to Pm3n from the ideal Pm3m space group of the
CsCl structure type and creates a 4 X 4 X 4 supercell of cubic
CDP-like unit cells. The occurrence of CPP, with the
enthalpically unfavorable H,PO,* unit, is proposed to be the
consequence of a high enthalpy of formation of CsH;(POy,),,
as opposed to a high entropy of formation of CPP. The low
formation temperature contributes to the wide window of
thermal stability of CPP, which extends under nominally dry
conditions up to ~151 °C. This phase behavior stands in
contrast to that of CDP, the only other superprotonic solid
acid formed of entirely phosphate polyanion groups, which has
a negligible window of stability in the superprotonic phase
under nominally dry conditions. Despite the high degree of
polyanion disorder in CPP and its overall structural similarity
to CDP, the activation energy for proton transport is high and
the conductivity is moderate. This is an apparent consequence
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of the participation of the polycation groups in the long-range
proton transport. Thus, in terms of the application of CPP as
an electrolyte, it remains to be seen whether the advantages
offered, operation at reduced temperatures without the
requirement of active humidification, can outweigh the
advantages of high conductivity and higher operating temper-
atures offered by CDP and other inorganic proton conductors
such as SnP,0, and analogues.*
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