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ABSTRACT: We study the phenomenology of cooperative off- KQM[Fe(CN)G] M = Ni, Co, Fe, Mn, Cd.
centering of K' ions in potassiated Prussian blue analogues
(PBAs). The principal distortion mechanism by which this off-
centering occurs is termed a “K-ion slide”, and its origin is shown
to lie in the interaction between local electrostatic dipoles that
couple through a combination of electrostatics and elastic strain.
Using synchrotron powder X-ray diffraction measurements, we
determine the crystal structures of a range of low-vacancy
K,M[Fe(CN),] PBAs (M = Ni, Co, Fe, Mn, Cd) and establish
an empirical link between composition, temperature, and slide-
distortion magnitude. Our results reflect the common underlying
physics responsible for K-ion slides and their evolution with
temperature and composition. Monte Carlo simulations driven by a simple model of dipolar interactions and strain coupling
reproduce the general features of the experimental phase behavior. We discuss the implications of our study for optimizing the
performance of PBA K-ion battery cathode materials and also its relevance to distortions in other, conceptually related, hybrid
perovskites.

B INTRODUCTION arguably the most promising cathode material for K-ion
batteries, identified for their high operating voltages, favorable
charge rates, and inexpensive solution-phase synthesis from
earth-abundant elements.””*® The specific capacity of PBAs—
general formula A,B[B’(CN)s],—depends not only on the
atomic weight and redox properties of the transition-metal ions
B and B’ but also on the concentration of hexacyanometallate
vacancies. Efforts to increase the specific capacity of PBA
cathodes by reducing vacancy concentrations (i.e,, y = 1) have
resulted in materials that exhibit structural phase changes on
electrochemical cycling.*® Despite the increased capacity being
realized, the rate capability of low-vacancy PBAs is significantly
diminished and can only be recovered by cyclin§ much smaller
particles, which degrade faster over time.”” Multiphase
behavior on cycling is normally associated with poor rate
performance in electrodes.”®*” The driving force responsible
for this phase-change behavior is not yet well understood, but
the empirical observation is that stoichiometric A,B[B’(CN);]
compounds distort away from the parent cubic perovskite-like
structure at high concentrations of the A-site cation 1 < x <
2.%%° Hence the optimization of PBA cathode performance
involves establishing control over this symmetry-lowering

Prussian blue analogues (PBAs) are a historically important
family of inorganic framework materials, known for their gas-
storage, catalytic, photophysical, magnetic, and electrochemical
properties.l_5 In contemporary language, PBAs are a kind of
hybrid perovskite:° their structure is based on that of the cubic
ABX; perovskite net, with cyanide molecules playing the role
of the X~ anionic component. One consequence of this
molecular building block is that the perovskite cage, i.e., the
volume surrounding A" cations, is significantly larger than that
in conventional perovskite ceramics, and this leads to a greater
flexibility of the anionic framework.”® This flexibility can be
exploited in anomalous mechanical properties such as negative
thermal expansion,g’10 but it also predisposes PBAs to
structural distortions in response to compositional variation''
and/or external stimuli, such as temperature or pressure.'>"* If
there is one key lesson from the structural chemistry of
conventional perovskites it is that developing control over the
presence and nature of distortion mechanisms is essential in
functional materials design.'* The “tilt-engineering” ap-
proach'*™"* responsible for stabilizing simultaneous electric
polarization and bulk magnetism at room temperature in the
layered perovskites (Ca,Sr;_,);15Tb, gsFe,0; is a high-profile
example.'” It is in this context that there has been substantial Received: ~ August 11, 2023
recent interest in the relevance of structural distortions for the Revised:  September 19, 2023
physical and chemical properties of PBAs.”**~** Accepted:  September 26, 2023
One domain of PBA chemistry in which distortions appear Published: October 25, 2023

particularly important is the application of PBAs as cathode

materials for Na- and especially K-ion batteries.”””** PBAs are
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process, through understanding its interplay with PBA
composition.

Structural distortions of PBAs come in a number of different
flavors.”®*" As perovskite analogues, the distortions found in
conventional ABX; materials—octahedral tilts,*>** cooperative
Jahn—Teller order,”** A-site or B-site compositional
order’*—are all observed in various PBAs.® Likewise, the
additional framework degrees of freedom allowed in hybrid
perovskites—forbidden tilts*” and columnar shifts**—also play
a role in static and dynamic distortions of PBA structures,
respectively. But the lowest-energy (and hence most physically
important) distortion mechanism in the K-rich PBA cathode
materials involves cooperative off-centering of K" ions within
the cube-like A-site cavities toward an ed§e of the surrounding
anionic PBA framework [Figure 1].**” The displacements

Undistorted A,B[B’(CN),]

Distorted A,B[B’(CN),]

Cc
b<-t>a
Figure 1. Representation of slide distortion in K-rich PBAs and its
coupling to strain. K* ions (orange spheres) occupy the A-site
positions of the perovskite-like PBA structure and translate in a
direction parallel to one of the (110) axes. Neighboring layers
alternate displacement direction. The views here are given normal
(top) and parallel (bottom) to the K-ion layers. The I'{(b) strain
mode describes wine-rack-like flexing (bold arrows) of the PBA
framework as the slide is activated. B, B/, C, and N atoms are shown
as magenta, dark blue, black, and light blue spheres, respectively.

couple such that cations “slide” together as layers along a
common (110) direction; this direction alternates from layer
to layer. Whereas in conventional perovskites A-site off-
centering is often driven by second-order Jahn—Teller effects
and results in relatively small displacements,‘m’41 in K-rich
PBAs the driving force is electrostatic and the displacements
large (=~ 0.5 A). We showed recently that, in K,Cu[Fe(CN)],
K-ion slides are switched off when the material is heated and
also when K* is extracted electrochemically.’” Beyond this
example, however, there is no clear understanding of the
general phenomenology of K-ion slides in PBAs or how the
distortion might be controlled by varying the PBA
composition.

In this study, we use a combination of group-theoretical
arguments, simulations, and crystallographic measurements to
probe both the origin of K-ion slides and also their interplay
with variation in temperature and PBA composition. Our
calculations are based on a simple model of local electrostatic

dipoles that couple through a combination of long-range
dipolar interactions and elastic strain. We show that this model
can account not only for the particular pattern of A-site
displacements associated with K-ion slides but also for the
disappearance of the distortion at moderate elevated temper-
atures. Experimentally, we determine the crystal structures of a
range of K;M[Fe(CN),] PBAs (M = Ni, Co, Fe, Mn, Cd) and
establish an empirical link between composition and slide-
distortion magnitude that reflects the expectations of our toy
model. Using variable-temperature X-ray diffraction measure-
ments, we determine the thermal response of the K-ion slides
as a function of composition. We show that our results reflect a
common underlying physics responsible for K-ion slides and
their evolution with temperature and composition, based on
the dipolar interactions of our toy model and a simple linear
relationship between PBA framework size and degree of K-ion
off-centering. Our paper concludes with a discussion of the
implications of our study for optimizing PBA battery materials
and also with a more general discussion of the role of slide
distortions in other hybrid perovskite materials.

B THEORY

Group-Theoretical Description of K-lon Slides. We
begin with a formal definition of K-ion slides in PBAs, drawing
on the group-theoretical language of irreducible representa-
tions (irreps).*” In this context, the K-ion slide distortion
illustrated in Figure 1 is associated with the X{ irrep of the
perovskite ABX; structure type, with its order parameter
polarized along (110). (Here we are using the convention of
placing the A-site at the center of the Pm3m unit-cell; a
different choice of origin will change the irrep labels given here,
but not the underlying symmetry arguments.) By itself, this
distortion reduces the Pm3m crystal symmetry of the parent
aristotype to an orthorhombic Cmcm supercell. K-rich PBAs
also support a set of octahedral tilts that act to reduce the
framework volume and increase electrostatic interactions
between the K* A-site cations and the anionic framework.”"
The dominant tilt system in PBAs is characterized by the Mj
irrep polarized along (100); this tilt has a’a’c* Glazer notation
and corresponds to in-phase tilts along the cube axis
perpendicular to the slide planes.””* Crystal symmetry is
further lowered by the alternation of M and M’ transition-
metal jons on the B-site of the perovskite lattice; this
decoration reduces crystal symmetry in a way that is captured
by the R irrep. Taken together, the combination of Xi K-ion
slides, Mj tilts, and R] B-site order collectively reduces the
crystal symmetry of K-rich PBAs to the monoclinic space
group P2,/n, which is almost universally observed exper-
imentally.”>"

The degree of monoclinic distortion is related to the
magnitude of the K-ion slides. In the absence of any slide
distortion, the combination of octahedral tilts and B-site cation
order gives tetragonal crystal symmetry with space group P4/
mnc. While the primary order parameter associated with K-ion
slides is the X! irrep described above, a secondary order
parameter that couples to the slides is the monoclinic strain,
described by the T'f(b) irrep. This strain distortion can be
understood as a flexing of the cubic unit cell, stretching along
the particular diagonal direction in which the K-ions displace,
while contracting in a perpendicular direction [Figure 1]. In
crystallographic experiments, this distortion has a clear
signature in the splitting of specific reflections, and so the
thermal evolution of K-ion slide displacements can often be
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inferred directly by interrogation of the variable-temperature
diffraction pattern.”” We will return to this point in due course.
Activation of the K-ion slides within the tilted B-site-ordered
PBA structure induces a large number of additional secondary
order parameters beyond those already discussed here. We
include in the Supporting Information a complete description
of these secondary distortion modes but comment briefly on
two of these. One is an additional tilt system with Glazer
notation a’h~b~ (irrep R}) which is polarized along a direction
perpendicular to the primary tilt axis. Collectively these two
tilts combine to give the a~a"b" tilt pattern that has been noted
elsewhere for monoclinic PBAs.”' The other secondary
distortion that we discuss involves a component of the K-ion
displacements. While the slide distortion polarized along (110)
dominates displacements away from the high-symmetry A-site,
in the presence of the tilts, there is an additional component
along (100) characterized by the R} irrep that is introduced.
We will discuss this additional K-ion displacement in the
context of the high-temperature structures of K-rich PBAs.
Dipolar Stabilization of K-lon Slides. Having summar-
ized the empirical form of K-ion slides in K-rich PBAs, we
proceed to address the important question of why this
particular pattern of A-site off-centering is actually observed
in practice. We take as our starting point the assumption that
electrostatic interactions and steric considerations conspire to
favor off-centering of each individual K* ion within the anionic
cubic cage in which it lies and that the type of direction is the
same from cage to cage. We then consider, from a group-
theoretical perspective, the various ways in which this A-site
off-centering can couple to break the crystal symmetry of the
Pm3m ABXj perovskite aristotype. In Table 1 we enumer-
ate*™* the simplest such couplings, by which we mean the
distortions satisfying three criteria: (i) the A-site displacements

Table 1. List of Simplest A-Site Off-Centering Distortion
Modes, Grouped According to the Corresponding Irrep”

irrep e space group  n(k)  Egip/ D&?

ry [100] Pdmm 1

ry [110] Amm2 1 —2.09
ry [111] R3m 1

X; [100] P4/mmm 1

Xy [110] P4/mmm 2 +4.84
Xt [111] Pm3m 3

X3 [100] Pmma 1

Xz [110] Cmcm 1 o
Xt [110] P4/mbm 2

X3 [111] Pa3 3

My [100] P4/nmm 1

My [110] I4/mcm 2 —2.68
M; [111] A3m 3

My [100] Cmmm 1

MS: [110] Pmma 1 1134
M; [110] 4/ mmm 2

My [111] 12,3 3

RE [100] 14/ mmm 1

RE [110] Imma 1 0
R} [111] R3m 1

“n(k) denotes the number of k-vectors involved in the distortion
mode.

e are polarized along one of the high-symmetry directions
(100), (110), (111) and are constrained by symmetry to do so;
(ii) the modulation wave-vector(s) k correspond(s) to the
high-symmetry points I, X, M, R; and (iii) all A-site
displacements within a given distortion are constrained by
symmetry to have the same magnitude. The zone-center
modes—all of which are characterized by the same irrep I'; —
are the familiar polar distortions discussed elsewhere in the
context of ferroelectric and multiferroic perovskites.** The
remaining distortion modes are all nonpolar.

A universal effect of off-centering of the A-site is that an
electrostatic dipole is necessarily generated within each unit
cell. These dipoles interact with one another via long-range
dipolar coupling, to give different contributions to the lattice
energy for the different distortion patterns enumerated in
Table 1. The dipolar coupling energy can be determined as

- DZ u-u; = 3(“:"1}]‘)(“]"1'1',‘)
@ = (/1)

L] jro (1)
where the sum is taken over all unit cells i, j separated by
vector r; with u; = Je; being the displacement vector of
magnitude 6 and polarization e; within unit cell i, D the dipolar
coupling strength, and r, the nearest-neighbor dipole
separation. Using the Ewald summation code developed in
ref 47, we calculated the normalized dipolar coupling energy
for all displacement modes in Table 1. Based on dipolar
interactions alone, the most stable A-site displacement pattern
is that characterized by the M5 irrep,”® which is different from
the slide distortion observed experimentally.

Included in our group-theoretical enumeration are a number
of multi-k distortion modes since these satisfy the various
criteria given above. In each case, however, the actual A-site
displacements occur along different axes (albeit of the same
type) in neighboring cells. For example, the 2-k M, distortion
polarized along (110) gives an I4/mcm structure with
displacements along four directions [+1, +1, 0]. Since the
K-ion displacements couple strongly to a flexing of the anionic
lattice, we anticipate that single-k distortions—for which all A-
site displacements occur along a single axis—are stabilized
relative to multi-k distortions through coupling to strain. For
displacements along the (110) directions, the lowest-energy
single-k coupling is indeed the X% irrep that describes K-ion
slides in PBAs.

So our interpretation is that the polarization direction is a
function of the local chemistry, i.e., selected so as to maximize
interactions between the K' ion and its surrounding anionic
framework. If the coupling between off-centering directions in
one unit cell and its neighbors is driven by a combination of
dipole—dipole interactions and strain coupling, then the X}
slide distortion is the lowest-energy arrangement of these
displacements. We suggest this is why this particular slide
distortion is so common among K-ion PBAs.

Toy Microscopic Model. What follows from this group-
theoretical analysis is a simple microscopic model for the
interactions from which K-ion slides emerge. Combining the
considerations of strain coupling, on the one hand, and
dipole—dipole interactions, on the other hand, we arrive at the
effective Hamiltonian:

S.
H=-]) (88) +D) —

@) ij

Sj - 3(Si'rij) (Sj'rij)
(/o) @)
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which we have based on the models studied in refs 49—51. In
this picture, we treat A-site displacements as effective

pseudospins §; € %(110) of unit length (formally, a 12-site

Potts model). The dipolar term in eq 2 is exactly that given in
eq 1, and we add to this a simplified strain-coupling term,*”>"
which acts to align A-site displacement axes in neighboring
cells (denoted here by (i, j)). For appropriate ratios D/J (i.e.,
when ] is not too small), the ground state of eq 2 has antipolar
order of the kind associated with cooperative K-ion slides.”"
We illustrate this point in Figure 2, where we plot the
temperature dependence of the X order parameter extracted

o

300 350 400 450 500 550 600
Temperature (K)

Figure 2. Temperature-dependence of K-ion slide order in Monte
Carlo simulations driven by eq 2, parametrized as discussed in the
text. Data points (open circles) are shown for eight independent
Monte Carlo simulated annealing trajectories. The solid line tracks
the thermal evolution of the order parameter, evaluated as the average
over these eight runs.

from Monte Carlo simulations driven by eq 2 with ] = D. An
order/disorder transition is observed with critical temperature
T. ~ 14D for temperatures above this value, and one expects
the slide distortion to disappear and A-site displacements to
become uncorrelated. (Note that the transition temperature is
largely independent of ], which acts only to select the single-k
ground state. In the study of ref 51, it was found that a critical
value of ] was given by 0.22D, at which point the ground state
switches from multi-k to single-k.) We have placed these
simulations on an absolute energy scale by calculating the
magnitude of D from estimates of the degree of A-site off-
centering and the spacing between neighboring dipoles:

272
d
D= qis
4reqaz (3)

Here g is the A-site ion charge and d the A-site displacement
magnitude. Using a typical value d = 0.5 A (e.g,, as observed in
K,Mn[Fe(CN)4]) and an effective PBA cell parameter a.g of S
A, one obtains D ~ 330 K, and hence T. ~ 460 K. So this
simple toy model anticipates the thermal deactivation of tilts at
moderately elevated temperatures, e.g., as observed previously
for K,Cu[Fe(CN),] (for which T, ~ 520 K).** We will return
to this point in due course.

One implication of this result, which deserves brief
comment, concerns the identification of K-ion slides as the
primary order parameter for this transition. From a group-
theoretical perspective, the transition might equally well be
associated with switching on or off, for example, the secondary
R; tilt system;”"”” there are other possible primary order
parameter choices. It is meaningless of course to disentangle
the various effects, since they are all coupled by symmetry, but
the key point here is that the dipolar interactions from which
the slides arise have the appropriate energy scale to rationalize
the transition temperature observed in practice.

B RESULTS AND DISCUSSION

Compositional Dependence of the Slide Distortion.
Such is the diversity of accessible PBA compositions that we
were able to synthesize a range of samples by varying the
transition-metal cation on the B-site. Low-vacancy samples of
composition K,M[Fe(CN)] (M = Ni, Co, Fe, Mn, Cd) were
prepared following the methodology of ref 39, and their crystal
structures interrogated using synchrotron X-ray powder
diffraction measurements. We show in Figure 3(a) a
representative ambient-temperature diffractogram; here that
was obtained for M = Mn. The diffraction patterns measured
for other compositions are essentially identical (see the
Supporting Information), but with small variations in peak
positions and splittings, as discussed in further detail below. In
all cases, we observed sharp reflections characteristic of highly
crystalline samples, which is also clear from the scanning
electron micrographs shown in the Supporting Information.
The peaks observed in each measurement could be indexed
according to the P2,/n space group of K;Mn[Fe(CN)¢];*° no
impurity phases were found. No difference of peak shape was
detected in the superlattice reflections, which is consistent with
the slide distortion being long-range in the cyanide network.

Systematic trends can be observable directly in the raw data
themselves. In Figure 3(b) we show the compositional
dependence of the diffraction behavior near the position
associated with the (110) reflection of the aristotypic (Pm3m)
unit cell. In this region, one observes a dominant reflection
flanked by two smaller reflections on either side. The degree of
splitting in this triplet of peaks is directly related to the
magnitude of monoclinic strain in the P2;/n unit cell. Two
systematic trends are obvious. First, there is a shift toward
higher reflection angles, i.e., smaller cell volumes, as the M
ionic radius decreases. And, second, the degree of monoclinic
strain also decreases with decreasing M*" size.

In order to quantify these trends and to understand in detail
the structural variations effected by changing PBA composi-
tion, we carried out Rietveld refinements of each diffraction
measurement. We used a distortion-mode approach™** as
implemented in the TOPAS software to do so.”” High-quality
fits were obtained for all five measurements (see Figure 3(a)
for M = Mn and the Supporting Information for other
compositions), and we were able to use these refinements to
test the degree of K-ion occupancy (itself linked to
hexacyanometallate vacancy fraction), obtaining compositions
K, M[Fe(CN),] with 1.95 < x < 2 in all cases. The high K-ion
concentrations for these samples were further probed by
elemental analysis reported in the Supporting Information.
Accordingly, we assume hereafter the stoichiometric x = 2
composition. Key details of our crystallographic models are
summarized in Table 2, where we have included three derived
parameters: the effective PBA cell constant, the K-ion
displacement magnitude d, and the corresponding dipolar
coupling strength D calculated using eq 3. A full list of refined
parameters and their values is provided in the Supporting
Information. The two trends already identified in the raw data
are supported by the results of our refinements: both a.4 and
the monoclinic strain parameter I'{(b) decrease systematically
with decreasing transition-metal radius r(Cd*") > r(Mn*") >
r(Fe*) > r(Co?*) > r(Ni?).>?

Our refinements allow us to link the degree of slide
distortion to PBA composition. We show in Figure 3(c) the
variation in K-ion off-centering d with the effective PBA unit-
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Figure 3. (a) Room-temperature synchrotron powder X-ray
diffraction pattern and the corresponding Rietveld fit for K,Mn[Fe-
(CN)g4]. Data are shown in black, fit is shown in red, difference curve
is shown in gray (data-fit) offset below the data, and reflection
positions are shown as orange tick marks. (b) Compositional variation
of the X-ray diffraction patterns of K,M[Fe(CN)s] samples in the
region related to the (110) reflection of the parent PBA aristotype.
The splitting seen here, which is between the (020), (211)/(2T1),
and (002) reflections, is characteristic of the degree of monoclinic
strain [¢(b). (c) Relationship between K-ion displacements d and
effective unit-cell constant a,; in K,M[Fe(CN)¢], with colors
denoting M as indicated in (b). The inset schematically shows the
proposed variation in local effective potential at the A-site as a.g is
varied.

cell dimension a.g. The value of d increases rapidly with a.g: a
change of the latter by less than 2% corresponds to a 50%
increase in the former. One implication of our data is that the
slide distortion should vanish for small PBA cells with a. less
than some critical value a. Our interpretation of this
observation is that the effective potential well in which the
K-ion sits has a single minimum at the high-symmetry A-site
position for small a.g, i.e., when the geometric difference in K*

effective size and cavity volume is small, but is multiwelled as
the cage dimensions increase, and this geometric difference
becomes more important. As a4 continues to increase beyond
d, the minimum of the effective potential well shifts further
and further away from the high-symmetry A-site, increasing the
off-centering magnitude d [see inset to Figure 3(c)]. Our data
are too sparse for us to determine with any confidence the
precise relationship between d and a4 so we report only the
leading-order (linear) approximation

Mag — a) ag > a
0 Aoft < a. (4)

with empirical parameters 4 = 1.75 and a. = 4.77 A, shown as
the dashed line in Figure 3(c). Preparation and character-
ization of solid-solution compositions K,(M,M’)[Fe(CN);]
would in principle allow a finer mesh of a.; values to be
explored, and hence a more exact empirical relationship
between a.s and d to be determined.

Temperature Dependence of the Slide Distortion. We
showed in ref 39 that, for the specific material K,Cu[Fe-
(CN)¢], K-ion slides can be switched off at elevated
temperatures. Indeed, as we have already mentioned, the
thermal deactivation of slides is intrinsic to the simple dipolar
model represented in Figure 2. Consequently we extended our
synchrotron X-ray powder diffraction measurements of K,M-
[Fe(CN)4] samples to span the temperature range 300 < T <
1000 K. We will come to show that we found qualitatively
similar behavior for all materials—and hence the sensitivity of
K-ion slides to temperature is a general feature of the family—
but focus first on describing our observations for K,Mn/[Fe-
(CN),], which is representative of the family as a whole.

Our experimental measurements are summarized in Figure
4(a), where we have compiled diffractograms measured for
K,Mn[Fe(CN);] at intervals of 2 K into a combined film plot
and have focused on a key region of the diffraction pattern.
Clearly visible at low temperatures is the triplet of peaks near
20 ~ 13° characteristic of K-ion-slide-driven monoclinic
splitting [cf. Figure 3(a,b)]. This splitting becomes systemati-
cally less pronounced with increasing temperature until about
800 K, whereafter a number of peaks disappear and the
diffraction pattern simplifies considerably. Hence the ambient
phase is stable up to a critical temperature T. ~ 800 K.

Distortion-mode Rietveld refinements allow us to track the
structural effects of the temperature throughout this ambient-
temperature phase. The distortion parameters that show the
greatest temperature dependence are the monoclinic strain
mode I'{(b), on the one hand, and those governing the
displacement of K* ions away from the high-symmetry A-site
position, on the other hand. We plot in Figure 4(b) the
temperature dependence of these two parameters; full details
of the refinements are provided in the Supporting Information.
What is clear is that heating K,Mn[Fe(CN)4] rapidly
deactivates its K-ion slide distortion, both in the sense that
the average position of the K* ions increasingly returns to the
center of the cubic cavity in which they are located and also in
the degree of macroscopic strain associated with off-centering.
The transition observed at 800 K appears to be first order
(discontinuous). Because we continued to heat the sample
beyond its eventual decomposition, we do not have access to
diffraction measurements made on cooling, and hence do not
have a measure of the thermal hysteresis that must accompany
this transition.
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Table 2. Refinement Statistics, Selected Crystallographic Details, and Derived Parameters Determined for K,M[Fe(CN),]
Samples Using the Rietveld Refinement of Room-Temperature Synchrotron X-ray Powder Diffraction Measurements

K,Cd[Fe(CN)g] KoMn[Fe(CN)g] K;Fe[Fe(CN)g] K;Co[Fe(CN)s] K;Ni[Fe(CN)g]
color white white pale blue pale pink pale green
Rwp (%) 1.80917 2.27698 1.45682 1.99894 1.19359
a(d) 10.176(12) 10.0991(15) 10.063(19) 10.045(17) 10.033(10)
b(A) 7.413(3) 7.3349(4) 7.276(5) 7.251(5) 7.204(3)

c () 6.998(3) 6.948(4) 6.948(5) 6.933(5) 6.949(3)
B(°) 90.1474(13) 90.0118(5) 89.7977(7) 89.7804(11) 89.717(3)
V (A3) 527.9(7) 514.75(9) 508.8(12) 505.0(10) 502.2(6)
TE(b) (%) 4.0960(10) 3.8170(10) 3.2490(10) 3.1500(10) 2.527(2)
Xz 1.0017(12) 0.9320(9) 0.8796(16) 0.8236(10) 0.710(3)
XK 0.75059(12) 0.7516(2) 0.7499(3) 0.7505(2) 0.7517(7)
YK 0.57004(8) 0.56517(6) 0.56150(11) 0.55759(7) 0.54964(18)
K —0.02145(19) —0.02040(10) —0.01972(19) —0.01741(13) —0.0149(4)
aege (R) 5.091(4) 5.0487(5) 5.027(5) 5.017(5) 5.007(3)
d(A) 0.541(4) 0.499(2) 0.468(4) 0.435(3) 0.373(8)
D (K) 370(4) 323(2) 288(4) 250(3) 185(5)
(a) T T T T T T T T T T T T
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Figure 4. (a) Variable-temperature synchrotron powder X-ray
diffraction patterns (4 = 0.825318(3) A) for K,Mn[Fe(CN),],
represented as a film plot. The triplet of peaks near 26 = 13°
corresponds to those highlighted in Figure 3(b). Note the presence of
phase transitions at T ~ 800 and 900 K. (b) Corresponding thermal
variation in slide strain mode I'{ and K-ion displacements d, as
determined using Rietveld refinement of the diffraction data shown in
(a). The intensity of the data points is scaled by the phase fraction of
the P2,/n ambient phase to reflect the contribution that the
parameters make to the overall refinement of the XRD pattern.

By 1000 K the diffraction pattern is well accounted for by a
structural model in which the K-ion slides are no longer
present, but the primary tilt system remains active. This model
has tetragonal P4/mnc space-group symmetry, as identified in
our symmetry discussion above and as anticipated in the
group-theoretical analysis of ref 39. The Rietveld fit obtained at
1000 K using this P4/mnc model is shown in Figure 5(a). A
representation of the P4/mnc structural model is also included
in Figure S(a), from which it is clear that the Mj tilt distortion

24254

6 8 10 12 14 16 18 20 22 24 26 28 30 32
20 ()

PG

Figure S. (a) Synchrotron X-ray powder diffraction pattern (1 =
0.825318(3) A) and corresponding Rietveld fit for K,Mn[Fe(CN);],
measured at 1000 K. Data are shown in black, fit is shown in red,
difference curve is shown in gray (data-fit) offset below the data, and
reflection positions are shown as teal tick marks. Peaks due to a small
impurity phase are marked with asterisks. The inset shows a
representation of the structure of tetragonal K,Mn[Fe(CN)], with
anisotropic displacement ellipsoids for the K* ions shown at 80%
probability. (b) Within the monoclinic phase (“M”), K-ion displace-
ments are predominantly along a (110) direction, shown here
schematically as the almost-horizontal orange arrows. On transition to
the higher-symmetry tetragonal phase (“T”) an additional diad
operation (180° rotation) acting on the A-site superimposes
symmetry-related displacement directions. The resulting distribution
of equivalent sites is described by an anisotropic displacement
ellipsoid elongated along the (100) direction of the parent structure.

remains strong at this temperature. An interesting feature of
this structure is that the crystallographic point symmetry at the
K* site (Wyckoff position 4d) is 222, with principal axes
aligned along the (100) directions of the parent cubic
structure. Applying this point symmetry to the K-ion positions
of the low-temperature monoclinic structure acts to average
out the effects of the dominant (110) displacements but
preserves in the orientation of the anisotropic displacement
parameters the weaker contributions along (100). This is why
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the dominant displacement direction (now thermally aver-
aged) shifts within this high-temperature phase from being
toward an edge of the cube cavity to being toward a face of the
cube instead [Figure S(b)]. The particular (100) direction
chosen is closely coupled to the tilt distortion and alternates in
a herringbone fashion accordingly. Of course diffraction
measurements are not sensitive to whether the displacement
patterns are dominated by static or dynamic disorder.

The transition between ambient-temperature monoclinic
and high-temperature tetragonal phases (hereafter denoted by
the labels “M” and “T”, respectively) is not as straightforward
as it might be. At intermediate temperatures 795 < T < 980 K
we observe a transient intermediate phase that also appears to
have tetragonal P4/mnc symmetry. We denote this phase by
the label “T"” and show in Figure 6 the diffraction evidence for

Intensity (arb.)
() ainyesadwa)

130 132 18.4
20 (°)

Figure 6. Section of synchrotron X-ray diffraction traces for
K,Mn[Fe(CN)¢ measured over the temperature range 800—1000 K.
Successive curves are shifted vertically by a constant amount to show
the evolution of the three phases. The color of each trace corresponds
to temperature as shown in the right-hand plot, which includes the
relative phase fraction ¢ of each PBA phase as a function of
temperature.

its existence. The first-order transition from M to T’ can be
followed by the disappearance of satellite peaks such as that
near 20 = 13.2°. The transition from T’ to T is again first-order
(as would be required by an isosymmetric transition’*) and
can be tracked via the sudden jump of peak positions as seen
near 20 = 18.4°. Given the close similarity of the three
phases—both chemically and crystallographically—extreme
caution was exercised when multiphase Rietveld refinements
were carried out across the T’ (meta)stability regime. We leave
discussion of the details to a relevant section in the Supporting
Information, but note that the tetragonal distortion, degree of
Mj tilts, and form of the K-ion anisotropic displacement
parameters differ between T’ and T phases.

Generalized Phase Behavior. Variable-temperature
synchrotron X-ray powder diffraction measurements for all
other K;M[Fe(CN)¢] samples show analogous behavior across
the entire family to that we have described for M = Mn. A
summary of the key results is shown in the left-hand panel of
Figure 7(a): in each case, the K-ion slide distortion is gradually
removed with increasing temperature until a discontinuous
transition at a critical temperature to a high-temperature
tetragonal phase of P4/mnc symmetry. (The structural changes
in K,Ni[Fe] were most challenging to track as a result of
relatively strong strain effects that complicated multiphase
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Figure 7. (a) Evolution of the monoclinic strain in K,M[Fe(CN)g]
samples as a function of the composition and temperature. Colors
denote M as in Figure 3(b), and the circles represent the limiting data
at the point of transition to the high-temperature tetragonal phase
(distortion amplitude identically zero). Data in the left-hand panel are
shown in absolute units, and those on the right are shown in
renormalized form as described in the text. (b) Degree of X} slide
order as determined using Monte Carlo simulations, enumerated as a
function of simulation temperature and effective lattice parameter.
Superimposed in the foreground are traces of the experimental
effective unit-cell constants for five K,M[Fe(CN)g] as a function of
temperature, with transition temperatures marked with open circles as
in (a). The experimental data in parts (a) and (b) are derived from
the same series of variable-temperature synchrotron X-ray powder
diffraction measurements.

refinement. We note also that K,Cd[Fe] showed partial
decomposition on heating. A third comment is that the high-
temperature K,Fe[Fe(CN)¢] phase identified in ref 39 is
probably also best interpreted in terms of this same P4/mnc
model.) Varying composition affects at once both the
magnitude of the K-ion slides (as we have already seen) and
also the value of the phase-transition temperature. The value of
T, is lowest for M** with the smallest ionic radii. That the
phase behavior of this family reflects a single common
mechanism is a point made clear by renormalizing our
experimental results to account for the effect of variation in
unit-cell dimensions. For example, the absolute magnitude of
the I'{(b) distortion will be larger for systems with greater a.q
(as established in eq 4), but we can track the relative distortion
magnitude by dividing this parameter by the room-temperature
K-ion displacement d. Likewise, increasing a. varies the
dipolar coupling strength D according to eq 3, but again we
can account for this change in energy scale by calculating the
relative temperature T* = T/D. Recast in this way, our
experimental results collapse onto a common trendline [right-
hand panel of Figure 7(a)]. Even the data for M = Ni, which
were the most difficult to obtain as a result of strain
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broadening, follow relatively closely this same universal
behavior.

This (perhaps surprising) universality of behavior suggests
that the extent, activation, and quenching of K-ion slide
distortions in PBAs are essentially determined by geometry:
the different chemistries of the various transition metals in our
different samples have no obvious effect on PBA phase
behavior beyond the influence of varying ionic radius alone. As
a further test of this interpretation, we sought to compare our
experimental observations with the predictions of the simple
toy model of eq 2, a model that is based on geometric
considerations alone.

In this spirit, we carried out a series of Monte Carlo (MC)
simulations driven by eq 2 across a physically relevant range of
a. values and temperatures. For a given effective unit-cell
constant d.; we first estimated the corresponding K-ion
displacement magnitude d using eq 4. [For these simulations
we employed a proportionality constant A = /2 (since K-ion
displacements are along (110) directions), and an accordingly
modified critical cell constant of a, = 4.67 A. The calculated
phase behavior is remarkably resilient to variation in these
parameters.] From this combination of d and a.g the dipole—
dipole coupling strength D is straightforwardly obtained [eq
3]. We expect the strain coupling J to vary as

-
gt (5)

where k is a simple proportionality constant related to the
elastic moduli. We make the assumption that variation in
elastic constants will be small across our PBA series and so
used a single common estimate k =~ g*/47€ya,, chosen to bring
J and D onto similar energy scales. Having determined the
interaction energies ] and D for a given a.g we then carried out
a series of MC simulations, starting at high temperatures (1300
K) and successively cooling to room temperature. After
establishing equilibrium at a given temperature point, we
calculated an X order parameter from the MC configurations
[cf. Figure 2]. The evolution of this order parameter as a
function of a.¢ and T is shown graphically in Figure 7(b). What
is clear is that our simple toy model predicts increasing
stabilization of K-ion slides as the effective unit-cell constant
increases.

Figure 7(b) superimposes on these simulation results the
experimental trajectories measured crystallographically for each
of our K;M[Fe(CN)¢] samples. The corresponding traces
show positive slopes as a consequence of thermal expansion,
the rate of which is similar across the series (see Supporting
Information for further discussion). The experimentally
determined phase-transition temperatures are marked as
open circles, and we find remarkable agreement between the
location of these values of T, and the predictions of our simple
MC simulations. It turns out that thermal expansion plays a
significant role in stabilizing K-ion slides. In its absence, i.e.,
were the trajectories of Figure 7(b) given by vertical lines—
then one would anticipate a reduction of T. by several
hundreds of Kelvin. This discrepancy explains why T, is only
~40% larger than D in MC simulations [Figure 2], but,
experimentally, we observe K-ion slides to persist to T/D =~ 2.5
[Figure 7(a)].

B CONCLUDING REMARKS

So the picture that emerges is as follows. The choice of M**
cation in K,M[Fe(CN)4] PBAs determines their effective unit-
cell dimensions through simple ionic radius considerations.
The larger the cell, the greater the tendency for K-ions to
displace away from the high-symmetry A-site. This displace-
ment results in both a local electrostatic dipole and an elastic
distortion of the surrounding cyanide framework as its
symmetry is broken. Coupling between these two components
from A-site to A-site leads to the cooperative K-ion slide
distortion observed experimentally; this particular pattern of
displacements can be rationalized on symmetry arguments
alone. On heating, there is competition between thermal
fluctuations of the K-ion positions, which act to quench the
slides, and thermal expansion of the PBA framework, which
enhances the tendency to off-center and hence stabilizes the
slide distortion. The former is the stronger effect, and so the K-
ion slides disorder at elevated temperatures, resulting in a
phase transition to a higher-symmetry tetragonal structure.
The critical temperature at which this transition occurs is
higher for PBAs with larger unit cells, for which the dipole and
strain interactions are stronger.

The microscopic model on which our calculations are based
is intentionally simplistic, and one expects that in practice the
thermal dependence of slide distortions is not purely order/
disorder in character but rather includes a displacive
component from variations in the effective K-ion potential
well. This effect likely rationalizes the more gradual order
parameter evolution observed experimentally for T < T, than
emerges from our model. Detailed characterization using a
much higher level of theory (e.g.,, density functional theory)
would provide important quantitative insight into the various
distortion mechanisms at play, their interdependence, and the
underlying energetics.'®*® The main advantage of a toy model,
such as we employ here, is that it allows us to identify the
central role of dipolar interactions in driving the K-ion slides
and the primary effects of varying the composition and
temperature. One further implication is that the same model
may be relevant to a range of chemically different systems.
Even among PBAs, for example, it is understood that Li* and
Na® ions displace in different directions to K*, and hence the
cooperative organization of these ions may be described by a
variation of this same model. Likewise, our framework may be
relevant too to studying orientational order/disorder processes
of hybrid perovskites containing intrinsically polar A-site
cations, such as methylammonium, which also polarizes
along (110) in some lead halide frameworks at low
tempe1‘atu1‘es.49’56 Drawing inspiration from compositional—
property relationships in conventional perovskites,”’ we
anticipate the possibility of exploiting “slide engineering”
through A-site compositional variation as an attractive avenue
for functional materials design.

Returning the specific context of K-ion PBAs, the clear
relationship between thermal and electrochemical (de)-
activation of K-ion slides identified in ref 39 suggests that
the various trends we study here are likely to have ramifications
for K-ion transport in PBAs more generally. For example, we
infer that the unit-cell dimension varies the shape of the
effective potential in which K* ions sit, which in turn will affect
the kinetic barriers to K-ion migration through the PBA
framework. Understanding the interplay among PBA compo-
sition, K-ion occupancy, temperature, and K-ion diffusion
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kinetics would be a particularly interesting avenue for further
investigation, with the potential benefit of identifying materials
design strategies to optimize PBA cathode performance.

B METHODS

Synthesis. We synthesized samples of K,M[Fe(CN)¢] (M = Nj,
Co, Fe, Mn, Cd) in a similar fashion to ref 39 via a citrate-assisted
precipitation in aqueous media. MSO, (Sigma-Aldrich, 1 mmol) was
dissolved in an aqueous solution of potassium citrate (Sigma-Aldrich,
0.5 M, 20 mL). This solution was added dropwise to a stoichiometric
aqueous solution of K,Fe(CN)4 (Sigma-Aldrich, 20 mL) at 80 °C
with stirring. The mixture was stirred for 2 h and then allowed to age
for a further 2 h. The precipitate was isolated by centrifugation and
washed with a 50:50 water/ethanol mixture in order to prevent the
solid from dispersing. The solid was dried in air at 70 °C overnight.

Materials Characterization. Synchrotron X-ray diffraction
(XRD) measurements were performed on the 111 beamline of the
Diamond Light Source operating with an X-ray wavelength of
0.825318(3) A. The position-sensitive detector was used to collect
diffraction patterns over the temperature range 300—1000 K with a
hot-air blower. All Rietveld refinements were carried out using the
TOPAS-Academic software.>

Monte Carlo Simulations. Pseudospin Monte Carlo simulations
were carried out using the code developed for ref 58, modified to
allow the use of 12-state Potts degrees of freedom e € %(110). This
code makes use of Ewald summation to calculate long-range dipolar
interactions, taking the numerical approach reported in ref S59.
Simulations employed 8 X 8 X 8 supercells of the aristotypic Pm3m
structure (ie. N = 512 pseudospins). MC moves corresponded to
random jumps between different Potts states for randomly selected
pseudospins and were accepted or rejected according to the usual
Metropolis criterion.” Simulations were initialized using random
pseudospin states, and simulated annealing runs were carried out from
1300 to 300 K, ensuring equilibration at each temperature step (AT =
40 K). All statistics reported were calculated over a series of
independent runs (N,,,, = S). The X{ order parameter was calculated
as

2

1
¢ = max —Z e/.l exp[Zn'i(qu)]
q€(500) N/’ (6)

where r; denotes the position of pseudospin j and ejL its orientation,

projected onto a plane perpendicular to q.
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