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A new series of compounds with general chemical formula Ba;— K H,(POy,), has been successfully
prepared. This particular stoichiometry was targeted as a candidate solid-state proton conductor because
of its anticipated structural similarity to known M;H(XO4), superprotonic conductors (M = Cs, Rb,
NH,, K: X =Se, S)' and to the known trigonal compound Bas(PO,),.> The materials were synthesized
from aqueous solution using barium acetate, dipotassium hydrogen phosphate, and potassium hydroxide
as starting materials. Through variations in the initial solution stoichiometry or the synthesis tempera-
ture, the final stoichiometry could be controlled from x ~ 0.5 to ~1. X-ray powder diffraction, energy
dispersive spectroscopy chemical analysis, 'H magic angle spinning (MAS) nuclear magnetic
spectroscopy, and thermogravimetric analysis were all employed to establish potassium and proton
incorporation. The diffraction data confirmed crystallization of a trigonal phase, and chemical analysis
showed the (Ba+K):P ratio to be 3:2, consistent with the target stoichiometry. The conductivity of the
Bas_ K H,(PO,), materials, as measured by A.C. impedance spectroscopy, is about 3 orders of
magnitude greater than the end-member Ba3(PO,), material with only a slight dependence on x, however,
it is substantially lower than that of typical superprotonic conductors and of the M;H(XOy,), materials
in particular. The close proximity of Ba to the hydrogen bond site is proposed to explain this behavior. At
250 °C, the conductivity is ~2.4 x 10> S/cm for the composition x = 0.80, which, when combined with the
water insolubility and the relatively high thermal stability, may render Ba;_ K H (POy,), an attractive

alternative in selected electrochemical applications to known superprotonic conductors.

Introduction

Solid acids, or acid salts, are a class of proton conducting
electrolytes with stoichiometries MHXO,, M3H(XO,),
(M = Cs, Rb, NHy; M =S, Se), and MH,X'O4 (X' =P,
As).’> Many of these compounds undergo a remarkable
phase transition at which the proton conductivity jumps
by 3—4 orders of magnitude to a “superprotonic” state with
conductivity in the range of 10 *—107'Q 'em ™47 These
high levels of conductivity are a result of rapid tetrahedral
librations in combination with a high rate of proton transfer
between tetrahedral groups.®~'° The proton transport pro-
cess is an example of the Grotthuss mechanism, in which
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proton migration occurs via dipole (in this case, H,XO," >
or H,X04" % reorientation, structural relaxation, and
proton hopping.®

The solid nature of superprotonic solid acids renders
them inherently advantageous for a variety of electro-
chemical applications relative to liquid or even polymeric
proton-conducting counterparts in that the need to con-
fine the electrolyte and ensure compatibility with con-
finement materials is immediately eliminated. Moreover,
solid acid electrolytes operate in a temperature range,
100—300 °C, that is highly desirable with respect to
catalytic activity, catalyst impurity tolerance, overall
thermal management, and material and thermal compati-
bility.!' In recognition of these advantages, several labo-
ratories have now demonstrated the feasibility of solid
acid fuel cells."*”!” The highest power outputs to date,
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exceeding 0.6 W/cm® peak power, have been obtained
using CsH,PO, as the electrolyte in electrode supported,
thin-membrane configurations.'*'®

While fuel-cell viability has been demonstrated using
CsH,PO,4 and CsHSOy, the physical characteristics of
these and other known solid acids introduce system level
challenges that would ideally be addressed through the
discovery of new materials. For example, acid sulfate and
selenates are unstable with respect to reduction under H,
in the presence of typical fuel cell anode catalysts'*° and
as such are entirely unsuitable for realistic fuel cell
applications. Eliminating these compounds leaves only
phosphates and possibly arsenates among known super-
protonic conductors. However, many of the compounds
within this subset have rather high superprotonic transi-
tion temperatures (e.g., 228 °C for CsH,PO,*' and 256 °C
for Rby 75Csg »sH,PO,4>%) above which dehydration can
also occur.>'**?* Consequently, device operation in the
superprotonic regime necessitates application of rela-
tively high water partial pressures (0.3—0.5 atm), a
requirement that, in turn, lowers fuel cell efficiency.'®
Moreover, all known superprotonic conductors are deci-
dedly water-soluble, and care is required to prevent
condensation of liquid water from the highly humidified
atmosphere onto the electrolyte. An additional complica-
tion surrounds the possibility of mechanical failure of the
membrane due to the rather large volume change on
heating through the superprotonic transition (for exam-
ple 0.5% for CsHSO,* and 1.7% for CsH,PO,*). The
enormous potential of truly solid electrolytes for advan-
cing electrochemical energy conversion technologies
motivates a search for materials that display the high
proton conductivity of known superprotonic conductors
but are free of these limitations. This work is aimed
precisely toward such a goal: the development of water-
insoluble superprotonic conductors of high chemical and
thermal stability over a large temperature range, and
displaying small to no transition volume change upon
reaching the temperature of operation.

The materials discovery approach taken here relies on the
recognition of the structural similarities between two classes
of compounds: M3;H(XOy), superprotonic conductors,
where M =K, Rb, NH,, Cs and X = Se,"** and M3(X'O.),
paraelectrics, where M’ = Ba, Sr, Pb, and X' =P, As, V.2*7%%
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In the superprotonic state, the M3H(XOy), alkali metal
compounds adopt a trigonal structure that is essentially
identical to that of the M’3(X'Q,), alkaline earth metal
compounds in their high-temperature, paraelectric state. At
reduced temperatures, the transition in both classes is to a
monoclinic phase that constitutes a slight distortion to the
higher symmetry parent structure. Remarkably, the pre-
sence of the proton in the alkali metal compounds has little
influence on the overall arrangement of metal cations and
oxyanion groups relative to the alkaline earth compounds.
In the trigonal phase of the alkali metal phase oxyanion
group reorientation occurs about the 3-fold axis of symme-
try (see discussion of structure below), facilitating proton
transfer, and a similar type of disorder has been suggested in
the alkaline compounds, irrespective of the absence of
hydrogen bonds. Furthermore, the specific composition
Bas(PO,), retains the nominally high-temperature trigonal
form at all accessible low temperatures.”” These character-
istics suggest that compounds in which some portion of the
Ba in Ba3(PO,), has been replaced with a combination of an
alkali metal, specifically, K, because of its similar size to Ba,
and a proton can be synthesized, that such compounds will
display high, if not superprotonic, conductivity, and that
they will exhibit such behavior over a temperature range
spanning from below ambient to values typical of dehydra-
tion in other superprotonic compounds (well over 200 °C).
Moreover, the water insolubility of both Bas3(POy), and the
related solid acid BaHPO,™ suggests that compounds with
the hypothesized stoichiometry, Ba;_ K H (POy),,will
additionally display a high degree of insolubility in water.

It is noteworthy that a somewhat related approach has
been suggested by Baranov et al., who have attempted to
prepare alkali metal doped Ba;3(POy), and subsequently
inject protons at high temperature by annealing in humi-
dified atmospheres.®! Such a doping strategy requires
condensation and subsequent hydrolysis of phosphate
groups, limiting its crystal-chemical flexibility, and in-
deed success has yet to be convincingly demonstrated. In
the present study, we pursue a direct synthesis approach
and provide evidence from a range of analytical techni-
ques that the desired stoichiometry has been achieved,
and we further demonstrate the role of proton incorpora-
tion on conductivity.

Experimental Procedures

Synthesis. Synthesis of the Ba;_ K.H.(PO,), compounds
was achieved by a route analogous to that reported for the
preparation of K3CaH(POy), in which an aqueous solution of
the alkaline earth acetate is mixed with another solution of
potassium hydroxide and excess dipotassium hydrogen phos-
phate.®? Starting materials here were Ba(CH;COO), (99%,
Alpha Aesar, #A10316), K,HPO, (98%, Alpha Aesar,
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Table 1. Synthesis Parameters for Baz_ K, H.(PO,), Compounds

synthesis no. parameter varied Tsotutions (°C) K,HPO, (M)
1 K concentration 23 3.6
2 K concentration 23 7.3
3 default 23 14.6
4 temperature 20 14.6
5 temperature 25 14.6
6 temperature 30 14.6
7 temperature 40 14.6
8¢ temperature 90 14.6

“Stirred for only 1 min after initial mixing; all other solutions stirred
for 10 min.

#11593), KOH (89%, Mallinckrodt Chemicals, #6984—04),
and deionized water. The molar concentration of the barium
acetate solution was fixed at 0.3 M. In the potassium bearing
solution, the potassium hydroxide concentration was fixed at
0.4 M, whereas that of the dipotassium hydrogen phosphate was
varied, being either 3.6, 7.3, or 14.6 M. In addition to K,HPO,
concentration, the impact of temperature (20—90 °C) on the
final product stoichiometry was explored. For a typical synth-
esis 12.5 mL of the barium acetate solution was added to 36 mL
of the potassium bearing solution under vigorous stirring to
ensure rapid mixing of the reagents. The combined solution was
stirred for an additional 10 min beyond the initial contact to
ensure complete reaction of reagents. The resulting crystallites
were collected on a ceramic filter, washed several times with
water, then once with acetone, and subsequently dried at 75 °C.
Significant synthesis parameters are summarized in Table 1. For
experimental convenience, smaller quantities of material were
produced by varying solution stoichiometry and selected char-
acterization methods were restricted to materials produced by
varying the solution temperature.

For comparative purposes, the end-member Ba;(PO,), was
synthesized by solid state reaction starting with stoichiometric
amounts of BaCO; (99%, Alpha Aesar, #A10316) and
NH4H,PO, (98%, Alpha Aesar, #A15283) mechanically milled
together with a mortar and pestle for 10 min. The mixture was
then placed into a alumina crucible, heated to 1200 °C at a
heating rate of 5 °C/min in ambient air, held at 1200 °C for 2 h,
and then cooled to room temperature at 20 °C/min (i.e., as fast
as furnace would cool). The resulting powder was then ground
for 5 min to break up agglomerates.

Characterization. The resulting compounds were character-
ized by several methods to establish the phase and stoichiometry
obtained from the syntheses. Crystal morphology evaluation
and chemical analysis were performed with a LEO 1550 VP field
emission scanning electron microscope (SEM) equipped with an
Oxford INCA Energy 300 X-ray energy dispersive spectrometer
(EDS) system, where the chemical analysis was carried out on
pressed pellet samples (prepared as below). The materials were
carbon coated to avoid charging. X-ray powder diffraction
patterns were collected from ground powder samples using a
Philips PW3040-Pro diffractometer with Cu Ko radiation.
Crystal structure refinement using the diffraction data was
performed with Philips X'Pert Plus (Version 1.0) software.
Magic angle spinning (MAS) proton nuclear magnetic reso-
nance (NMR) measurements were performed on compressed
powder samples using a Bruker DSX 500 spectrometer with a
spinning rate of 12 kHz. A 4 us, 90° pulse was employed along
with a delay time of 1000 s to allow nearly complete spin—Ilattice
relaxation and thereby obtain full peak intensities. The mea-
sured chemical shifts are referenced to tetramethylsilane. For
comparative purposes, spectra were collected additionally from
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Figure 1. Comparison of a representative, measured X-ray powder
diffraction pattern of Bas_ K H (POy),, synthesis no. 3, with the mea-
sured and calculated patterns of Baz(POy),, the latter based on the
structure reported by Sugiyama and Tokonami.

K3H(SOy),, prepared as described elsewhere.®* Thermal gravi-
metric analysis (TGA) was performed on loose powder with a
Netzsch STA 449 under flowing oxygen (50 cm?®/min) with a
nitrogen purge (50 cm®/min). Conductivity of pressed pellet
samples was measured using A.C. impedance spectroscopy.
Silver paint (Ted Pella, #16032) was applied as electrodes, and
impedance data were collected using a HP 4284A LCR meter.
The applied voltage was 0.75 V, and the frequency range 20 Hz
to 1 MHz. Pellets were formed in a 11 mm diameter die using
60 000 psi for 5 min, with a final pellet thickness of around 1 mm.
All samples, including the end-member Ba3;(PO,4), were exam-
ined without additional sintering and accordingly displayed
moderate densities, 60—80% of theoretical. The D.C. conduc-
tivity was evaluated from the frequency dependent data using an
equivalent circuit model comprised simply of a resistor in
parallel with a constant phase element. Data analysis was
performed using the commercial software package ZView.>*

Results and Discussion

The synthesis yielded crystallites, 0.2—2 um in size, of
trigonal and occasionally hexagonal morphology, con-
sistent with the anticipated R37 crystalline symmetry.
The X-ray diffraction patterns, a representative example
of which is presented in Figure 1, indicated that the
synthesized materials are structurally almost identical to
the parent Ba3(POy), phase, but with a slight increase in
cell constant, consistent with the substitution of a portion
of the Ba®" with the larger radius ion, K*.2>> The EDS
chemical analysis, Table 2, showed not only significant
potassium incorporation in all samples, but also that the
(Ba+K):P ratios are all close to the ideal value of 1.5:1 for
a general stoichiometry of Ba;_ K H, (POy),. As might
be expected, increasing the K,HPO, content in the solu-
tion caused a measurable but small increase in the potas-
sium content in the final product. Specifically, the value of
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Table 2. Results of EDS Chemical Analysis of Baz_ K ,H.(PO,), Compounds

synthesis no. K Ba“ P (K+Ba):P x?
1 0.4440.02 2.2040.02 1.7840.01 1.48 4+0.02 0.48 +£0.02
2 0.50 +0.02 2.31+£0.02 2.04+0.02 1.38+0.02 0.554+0.02
3 0.60+0.03 2.20 £0.02 2.05+0.03 1.38 £ 0.03 0.654+0.02
4 0.53+0.02 2.404+0.03 1.974+0.02 1.49+0.05 0.55+0.02
5 0.74 +0.02 2.204+0.02 2.00+0.02 1.434+0.03 0.75+0.02
6 0.78 +£0.03 2.12+0.02 2.0340.02 1.4240.04 0.8040.03
7 0.76 £0.02 1.79+£0.08 1.76 + 0.03 1.454+0.08 0.89£0.02
8 0.964+0.03 2.02 +£0.03 2.01+0.02 1.49 4+ 0.04 0.9740.03

“ Absolute stoichiometric content. ” Normalized potassium content such that stoichiometric contents of K, Ba, and P sum to 5.
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Figure 2. Potassium incorporation in Ba;_ K H,(POy), as a function of
synthesis temperature, as determined by EDS chemical analysis (condi-
tions 3—8 of Table 1).

x could be increased from 0.48 to 0.65 by tripling the
K,HPO, content. A stronger influence on stoichiometry
was solution temperature, Figure 2. For a given K-HPO,
content, increasing the solution temperature from 20 to
90 °C increased x from 0.55 to 0.97, and, in the lower end
of the explored temperature range, the sensitivity to
temperatureis rather high. The highest potassium content
obtained (x = 0.97) implies a stoichiometry of approxi-
mately Ba,KH(POy,),, which is the precise chemical ana-
log to RbsH(SeOy4),, with one proton for every two
tetrahedral groups. At this stage it is unknown whether
x =1 is, in fact, the maximum K content that can be
incorporated into Ba;_ K H ., (POy), or if further adjust-
ments to the synthesis conditions might yield x > 1. The
trend evident in Figure 2, however, suggests that simply
increasing temperature is unlikely to result in higher
potassium concentrations.

Rietveld refinement of the Ba;_ K H, (POy), struc-
tures were performed to directly evaluate from the X-ray
data the extent of potassium incorporation and to quan-
tify the variation in cell constant with potassium content.
The known structure of Ba3z(PO,4), was used as a starting
point for these refinements, Table 3,2 and the potassium
introduced equally onto both crystallographically dis-
tinct Ba atom sites of the structure. The occupancies were
refined with the constraint that each site be fully occu-
pied, but the relative K and Ba occupancies were other-
wise allowed to vary freely. All variable atomic coordi-
nates were held fixed to the values reported for Ba3(POy),,
consistent with the fact that the free coordinates in

Ba;(PO4), and RbsH(SeOy), are almost identical to one
another, Table 3.

The results of the Rietveld analysis are summarized in
Table 4 and Figures 3 and 4. The cell volume, Figure 3(a),
varies linearly with potassium content (the latter being
that obtained from the EDS chemical analysis) and
follows almost precisely what one expects based on the
relative sizes of the potassium and barium ions,*> shown
as a solid line in the figure. Moreover, the potassium
content obtained from the Rietveld refinement matches,
within error, the results of the EDS chemical analysis,
Figure 3(b), further confirming that potassium has been
successfully incorporated in the compound.

Turning to the details of the structural implications of
potassium incorporation, a rather surprising observation,
Figure 4(a), is that the potassium is preferentially situated
at the M(2) site, being almost entirely excluded from the
M(1) site. Furthermore, Figure 4(b), whereas the a lattice
constant increases almost linearly with x (including ex-
trapolation down to x =0), the ¢ lattice constant displays
a sharp initial increase from its value in Ba3(POy), with
relatively small amounts of potassium incorporation,
then rises only slightly before decreasing for x > 0.75.
As shown in the structural depictions of Figure 5, the
structure of Baz(POy), (and, by definition of the refine-
ment procedure, that of Ba;_ K H (POy), also) is com-
posed of layers of phosphate tetrahedra, within which the
PO, groups all point in the same direction and are arran-
ged in a trigonal array. These layers are further arranged
in pairs (or double layers) along (001) with apical O(1)
oxygen atoms directed toward the other layer of the pair,
but with phosphate groups offset from each other along
(110). This arrangement creates what appears in projec-
tion along (001) as a hexagonal net of phosphate groups,
with the M(1) cations residing at the center of each the
apparent hexagons, Figure 5(a). The M(2) cations form
double layers with an arrangement identical to that of the
phosphate double layers, and the overall structure is built
up by stacking alternating M(2) and PO, double layers
along (001), Figure 5(b). The coordination polyhedra
about M(1) are formed of six O(2) and six O(1) atoms
with, in the case of Ba3(POj,),, Ba—O bond distances of
2.737(2) and 3.2354(3) A, respectively. The M(2) cation is
coordinated by 10 oxygen atoms, one O(1), six O(2) and
three O(1) with bond distances (again, in the specific case
of Ba3(POy),) of 2.636(8), 2.858(1), and 2.906(2) A,
respectively. The preference of the potassium for the
M(2) site can be understood in terms of the differences
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Table 3. Crystallographic Parameters of Baz(PQ,), (¢ = 5.6038(7) and ¢ = 21.000(5) 10&) and RbzH(SeQy), (@ = 6.1291(1) and ¢ = 22.656(5) ;&) in Space

Group R3m:H*
Bas(PO,),” Rb;H(SeO,),"
site x/a v/b z/c site x/a v/b z/e

M(1) 3a 0 0 0 3a 0 0 0

M(2) 6¢c 0 0 0.20860(2) 6¢ 0 0 0.2024(6)
X 6¢c 0 0 0.4075(1) 6¢ 0 0 0.4092(5)
O(1) 6¢ 0 0 0.3341(3) 18 h? 0.046(1) —0.046(1) 0.338(1)
0(2) 18h 0.1502(4) —0.1502(4) 0.5676(2) 18h 0.1450(3) —0.1450(3) 0.5711(5)
H n/a 18 h* 0.452(3) 0.548(3) 0.000(4)

“Number in parentheses indicates uncertainty in final digit. ® Occupancy of 1/3 and slightly displaced from average position on 6¢ site at 0, 0, 0.338.
“Occupancy of 1/6 and slightly displaced from average position on 9e site at 0.5, 0.5, 0.

Table 4. Results of X-ray Reitveld Refinement of Ba;_ K, H,(POy), Structures”

synthesis no. RBragg vol. (A‘;) a (A) C (A) XTotal XM(1) XM(2)

| 721 577.8(2) 5.6209(5) 21.114(2) 0.51(6) 0.05(2) 0.23(2)
2 6.94 579.0(2) 5.6266(5) 21.120(2) 0.59(6) 0.04(2) 0.27(2)
3 7.84 580.0(1) 5.6304(4) 21.128(2) 0.70(6) 0.06(2) 0.32(2)
4 4.97 578.3(1) 5.6211(2) 21.136(1) 0.58(4) 0.06(2) 0.26(1)
5 5.18 S81.8(1) 5.6359(2) 21.151(1) 0.80(6) 0.08(2) 0.36(2)
6 5.16 582.8(2) 5.6421(5) 21.139(2) 0.85(4) 0.07(2) 0.39(1)
7 4.5 584.8(1) 5.6532(3) 21.130(1) 0.94(6) 0.08(2) 0.43(2)
8 447 586.5(1) 5.6640(4) 21.110(1) 1.01(5) 0.13(1) 0.44(2)

“Number in parentheses indicates uncertainty in final digit.

Table 5. Results of Thermogravimetric Measurement of Water Content in
BaS*xKxHx(PO‘I)Za

TGA x—apparent  Tpun/Isurface x—bulk
synthesis ~ wtloss (%) TGA wtloss —H'NMR TGA wt loss
4 1.30 0.792+£0.006 2.21+£0.06  0.55£0.05
5 1.72 1.01£0.01 2.83+0.04  0.75+0.05
6 1.82 1.058£0.006 3.04+0.03  0.80 £0.03
7 1.88 1.076 £0.006 4.93+£0.03  0.89 £0.03
8 1.82 1.026 £0.006 15.8+0.1 0.96 £0.03

“By making use of the '"H NMR data it is possible to differentiate
between surface sorbed and bulk, crystallographic water. Specifically,
the apparent proton content obtained from the total weight loss is
modified by the relative bulk proton concentration obtained from the
ratio of the 12.5and 6.5 ppm NMR peak intensities (4™ column) to yield
the true bulk proton concentration (final column).

in the local coordination geometries. In the M(2) site,
elongation of a single bond, to the first O(1) atom,
provides much of the structural relaxation required to
accommodate the larger potassium ion. This M(2)—O(1)
bond is directed exactly along (001) and hence potassium
incorporation induces an immediate, large increase in ¢
relative to the increase in a. Further introduction of
potassium expands the lattice along «, but the initial
expansion along ¢ to accommodate even small amounts
of potassium apparently results in an M(2) coordination
polyhedron that does not require further increases in the
short M(2)—O(1) bond. The reason for the decrease in ¢ at
very high potassium content is not immediately obvious,
but it is possible to speculate that this behavior reflects a
displacement of the O(1) oxygen atom from the triad axis,
from the 6¢ site to an 18 h site, as is the case in the high-
temperature form of Rb3H(SeO,),, Table 3.! With such a
displacement, the M(2)—O(1) bonds may plausibly re-
main long while the ¢ axis contracts.

Whereas the EDS chemical analysis and X-ray powder
diffraction results clearly demonstrate the incorporation

of potassium into the product compound, they do not
directly reveal the presence of hydrogen. For direct con-
firmation, it is appropriate to turn to the NMR studies.
The '"H NMR spectra, Figure 6, demonstrate that protons
are indeed present in the Ba;_ K H.(PO,4), compounds.
The spectra show one broad peak at a shift of approxi-
mately 12.5 ppm and a second, slightly sharper peak at
approximately 6.5 ppm. In general, the features of the 6.5
ppm peak varied erratically from sample to sample
(including integrated intensity, peak breadth, and
position), whereas those of the 12.5 ppm displayed rela-
tively systematic behavior. Both the trigonal and mono-
clinic phases of the MsH(X0O,), class of compounds have
only one crystallographic proton site (the latter being a
slight distortion of the former), and hence only one peak
is expected in the '"H NMR spectrum for an isostructural
material. In the case of monoclinic K3H(SOy),, our
measurement reveals a single sharp peak at 16.4 ppm,
and similarly, a single sharp peak at 16.3 ppm has been
observed in monoclinic Rb3H(SO,),.*® Peaks of lower
chemical shift, in the 5—8 ppm range, and with less
reproducible behavior are typical of chemisorbed H,O
on solid acids.*”* These observations suggest that the
peak at 12.5 ppm in Bas_ K H (PO,), corresponds to
structurally incorporated protons and that at 6.3 ppm
peak to surface species. Heat treatment at 200 °C under
vacuum caused a reduction in the 6.3 ppm peak intensity
but had no impact on the 12.5 ppm peak (not shown),
further supporting the conclusion that the former peak is

(36) Suzuki, K.; Hayashi, S. Phys. Rev. B 2006, 73(2), 024305.

(37) Boysen, D. A.; Haile, S. M.; Liu, H. J.; Secco, R. A. Chem. Mater.
2003, 15(3), 727-736.

(38) Cowan, L. A. Ph.D. Dissertation, California Institute of Technol-
ogy, 2007.

(39) Kislitsyn, M. Ph.D. Dissertaion, California Institute of Technol-
ogy, 2009.
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Figure 3. Selected results from Rietveld analysis of Bas;— K H,(POy),
X-ray powder diffraction data: (a) increase in cell volume with potassium
content, x, shown in comparison to the predicted cell constant on the basis
of the radius of K*; and (b) refined potassium content versus EDS
measured potassium content. As indicated, closed symbols are for
temperature varied synthesis experiments and open for composition
varied experiments.

due to a surface sorbed species. Residual acid on the
particle surfaces, however, is unexpected because of the
highly basic conditions of the synthesis, leaving chemi-
sorbed water as the most plausible candidate. The
breadth of the 12.5 ppm peak in Bas_ K H (POy), likely
reflects the solid solution behavior and the implied vari-
able local features of the hydrogen bond. From the value
of the chemical shift for the structural proton it is possible
to estimate the oxygen—oxygen distance of the hydrogen
bond using the correlation between these two parameters
reported by Eckert et al.** and obtain a value of 2.62 A.
Notably, the chemical shift appears to decrease slightly
with increasing potassium concentration (from 12.9 for
x = 0.55 to 12.3 for x = 0.97), suggesting a weakening
of the hydrogen bond upon increasing potassium incor-
poration.

By analogy to the M3H(SeO,4), compounds, one can
consider the hydrogen bonds in Bas_ K, H.(POy), to
form between apical O(1) atoms, linking the phosphate

(40) Eckert, H.; Yesinowski, J. P.; Silver, L. A.; Stolper, E. M. J. Phys.
Chem. 1988, 92(7), 2055-2064.
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Figure 4. Selected results from Rietveld analysis of Bas;— K. H (POy4),
X-ray powder diffraction data: (a) refined K occupancy in the two distinct
cation sites, M(1) and M(2), as a function of potassium content as
determined from EDS analysis; and (b) K content, x, from EDS data
versus refined ¢ and c¢ lattice constants. Closed symbols are for tempera-
ture varied synthesis experiments and open for composition varied. In (b)
solid lines are guides to the eye, dotted lines indicate reported cell
constants for Bay(PO,),.>

double layers. Such O(1)—O(1) linkages further form six
of the twenty-four edges of the [Ba(1)O,] polyhedron. If
the O(1) is taken to remain on the trigonal, 6¢ site, the
relevant O(1)—O(1) distance is ~3.24 A, a value far too
large for a meaningful hydrogen bond. Displacement of
the O(1) atom from the 6c site can lead to shorter
instantaneous distances in a dynamically disordered
structure, as is now well-documented for the M3H(SeOy),
compounds. Indeed, in Rb3sH(SeOy), an instantaneous
bond distance of 2.58(1) A has been reported, substan-
tially shorter than the average distance of 3.54 A.' The
distance from the closest cation, Ba(1), to the analogous
proton location in Baz(POy),, if the proton is taken to
reside precisely at the 3b site (at 0, 0, '/,), has a plausible
value of 2.80 A, and can increase slightly to a more
favorable distance of ~2.84 if again dynamic disorder
occurs. Alternatively, one can, in principle, consider any
one of the remaining six, crystallographically distinct Ba
polyhedral edges, ranging in length from 2.53 to 3.50 A in
Ba;(PO,),, to serve as hydrogen bonds. However, their
absence as hydrogen bonds from the selenate compounds
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Figure 5. Structure of Ba;_ K H,(POy), based on the known structures of
Ba;(PO,),” and RbsH(SeO4),.! (a) Projection along (001) from just below to
just above z =0, showing the apparent hexagonal net formed by a single,
phosphate bilayer. The M(1) atoms occur at elevation z=0, and the idealized
location of the proton is also at elevation z=0. The labeled O(1) and O(2)
atoms occur just below z=0, and those of the other tetrahedral group within
the unit cell occur just above z=0. (b) Projection on (010) (i.e., along h*) of
the cell contents from y=—"/5to y = 12/3and x and z as indicated, showing
the stacking of two phosphate bilayers.

suggests their absence from the new phosphate prepared
here. It is also of relevance that the distance between
apical O(1) oxygen atoms in the proposed hydrogen bond
increases monotonically with increasing potassium con-
tent, a feature reflected in the '"H NMR chemical shifts. In
contrast, some of the other oxygen—oxygen distances
decrease at the highest potassium concentrations as a
consequence of the anisotropic chemical expansion and
decrease in ¢ lattice constant beyond x=0.75, Figure 4(b).
Despite the ambiguities with respect to the precise proton
location in Ba;_ K H,(PQOy),, it is apparent that the
structure contains multiple viable sites for hydrogen bond
formation, with the site analogous to that in the selenate
compounds being most probable.

Further evidence of proton incorporation is provided by
the thermogravimetric (TG) analyses, Figure 7. The TG
curves indicate a loss in weight in all compositions upon
heating to 1000 °C. The process initiates between 100 and
370 °C, depending on the exact stoichiometry (with higher
K content generally leading to thermal stability to higher
temperatures), and is complete by approximately 900 °C.
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Figure 6. Mass normalized '"H MAS NMR spectra of selected
Ba;_ K, H (PO4), materials with potassium content as indicated.
Measured spectrum of K3H(SOy), presented for comparison. Peaks at
12.5 and 6.5 ppm are attributed, respectively, to crystalline hydrogen and
chemisorbed surface water.
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Figure 7. Thermogravimetric (TG) weight loss curves of selected
Ba;_ K H,(PO,4), compounds with stoichiometry as indicated, collected
at a heating rate of 1 °C/min under flowing argon.

The total weight loss ranges from about 1.2 to 1.8 wt %,
and increases with increasing potassium content. Exam-
ination of the product material by X-ray powder diffrac-
tion indicated complete conversion of Bas_ K. H (POy),
to a mixture of Ba,P,0; and BaKPO,, suggesting that the
entirety of the weight change was due to dehydration,
thereby enabling quantitative evaluation of the proton
content. As determined from the NMR measurements,
however, each Ba;_ K H (PO,), composition contained
measurable, chemisorbed surface water that would be
expected to contribute to the weight loss. Thus, the struc-
tural proton content was computed under the assumption
that only a given portion of the weight loss was due the
structural or bulk protons, where the surface-to-bulk
proton ratio was determined from the ratio of the inte-
grated intensities of the surface and bulk NMR peaks. The
results, summarized in Figure 8, show that the proton
content so computed from the TG measurements match
closely the values implied by the EDS chemical analysis.
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Figure 9. Conductivity of selected Bas;_ K H . (POy4), compounds with
stoichiometry as indicated, collected on the second cooling cycle with a
cooling rate of 1 °C/min under ambient atmospheres.

Turning to the conductivity, Figure 9, it is clear that
introduction of K and H substantially increases the
conductivity of Ba;_ K H.(POy,), over that of unmodi-
fied Bas(PQOy),, indeed, by about 3 orders of magnitude.
In light of the large ionic radius of K, it is reasonable to
conclude that the protons rather than the potassium ions
are the mobile species, although this has not been ex-
plicitly confirmed. The activation energy for the conduc-
tion process is rather high, 0.53—0.58 eV, as compared to
0.36 eV in Ba;(POy), and values of 0.3—0.4 in typical
superprotonic conductors. Somewhat surprisingly, the
highest conductivity is not observed for the sample with
the highest proton content. Instead, the conductivity rises
and then falls with increasing x, apparently peaking at a
composition of x = 0.80. At this stage, the detailed
mechanisms behind the transport behavior are unknown.
There is a temptation to attribute the trend with composi-
tion to crystal chemical features connected with the
nonmonotonic chemical expansion along ¢, however,
such a conclusion would be premature. Alternative
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possibilities for this trend include changes in conductivity
due to defect trapping, a common phenomenon in solid
electrolytes such as zirconia and ceria subjected to an
excessively high dopant concentration,*'*** to differing
amounts of residual, chemisorbed water, to differing
densities, or even to differing crystallite size/morphology.
The raw impedance spectra (not shown) displayed only a
single electrolyte arc despite the polycrystalline nature of
the materials indicating convolution between the bulk and
grain boundary responses. Moreover, while the measured
conductivities were generally stable over subsequent heat-
ing and cooling cycles limited to moderate temperatures of
300 °C or below, examination at higher temperatures
caused slight, irreversible losses in conductivity, which
could be due to either bulk or surface dehydration.

The most notable feature of the conductivity of
Ba;_ K H ., (POy), is that, despite the sharp increase over
undoped Ba3(POy),, the value (2.4 x 107> S/cm at 250 °C
for x=0.80) is 2—3 orders of magnitude lower than that of
superprotonic Rb3;H(SeO,), and superprotonic phases in
general.’ If one accepts that protons are incorporated into
Ba;_ K . H, (PO,), in a manner analogous to the selenates
and sulfates, then one would, at first glance, expect
comparable conductivities, particularly for x ~ 1. The
difference may be related to the site of K incorporation in
Bas_ K H (POy),. As noted above, the likely O(1)—O(1)
hydrogen bond also forms one of the edges of the M(1)
polyhedron. In the case of the selenates and sulfates, the
M(1) cation is, of course, an alkali metal species, whereas
in Ba;_ K H.(PO,), it is Ba*". This less polarizable
cation of higher charge may impede local displacements
of the oxygen atoms away from the M(1) site and toward
neighboring phosphates groups, as necessary for hydro-
gen bond formation, simultancously impeding the
dynamic disorder required for superprotonic proton
transport. It is of relevance that the nature of the disorder
in the M'3(X'0y), compounds is not completely known
and the average R3m structure may reflect static (spatial)
rather than dynamic (temporal) disorder. The relatively
small '"H NMR chemical shifts in Ba;_ K. H.(PO,),
support the conclusion that the local structural distor-
tions are insufficient to create hydrogen bonds with
distances comparable to those in related solid acids.
Simultaneously, the breadth of the peaks points to limited
proton dynamics, as proton motion would otherwise
induce peak narrowing, possibly in combination with a
broad distribution of proton environments.

Summary

The aim of this work has been the rational design of new
proton conducting electrolytes with attributes beyond
high conductivity, including insolubility in water and
chemical stability under fuel cell conditions. The targeted
compound, Bas;_ K H(POy), identified from an exam-
ination of the crystal chemical features of Baz(POy),
and Rb3H(SeO,),, was successfully synthesized. The

(41) Fergus, J. W. J. Power Sources 2006, 162(1), 30-40.
(42) Inaba, H.; Tagawa, H. Solid State Ionics 1996, 83(1—2), 1-16.
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potassium (and hence proton) content can be readily varied
from x ~ 0.5 to ~1 and a wider range may be possible
with additional exploration of synthesis conditions.
The double substitution of potassium and of protons
into the end-member phosphate dramatically increases
the proton conductivity over unmodified Baz(POy),.
However, the conductivity of Ba;_ K H(POj,),, which
is almost independent of stoichiometry within the
range of x examined, is 2—3 orders of magnitude lower
than that of superprotonic Rb;H(SeOy), and of super-
protonic phases in general.® Slight differences in the
crystal chemistry of Ba;_ K H (PO,)> and superprotonic
M;H(XO,4), may explain this difference in behavior.
In particular, potassium incorporation in the former

Chisholm et al.

occurs in a manner that retains the Ba on the cation site
close to the expected location of the hydrogen bond,
and the lower polarizability of the barium relative
to the alkali metals may hinder the local dynamic dis-
order typical of superprotonic conductivity. Further
crystal chemical tailoring of the structure to alter the
cation distribution and enhance the dynamic disorder
may yet yield a new class of truly superprotonic acid
phosphates.
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