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ABSTRACT: The success of K-ion battery technology will rely on the development of
robust cathode materials that can incorporate and shuttle large amounts of K reversibly.
Recent experimental work has demonstrated the viability of layered KCrO2 as a cathode
material for K-ion batteries; however, some fundamental details of structural phase
transitions and K ordering during cycling remain unknown. We report on a first-principles
thermodynamic investigation of layered KxCrO2 (0 ≤ x ≤ 1) in the O3 and P3 host
structures. We predict that P3 is preferred at intermediate x, with the stable K orderings
belonging to staircases of phases that contain antiphase boundaries between ordered
regions. Varying densities of these boundaries allow for smooth changes in composition.
At high x, we predict the stability of “M” phases containing a mixture of octahedral and prismatic K coordination within each layer,
which is accommodated by undulations of the oxide host. Our calculated voltage curve and analysis of structural evolution indicate
that the predicted phase stability, including the formation of the M phases, is mostly compatible with experimental observations.

1. INTRODUCTION
There is a consensus that deep decarbonization efforts must
include extensive electrification across industries,1 which in
turn will require reliable and cost-effective options for grid
energy storage. Rechargeable Li-ion batteries are well suited for
short-duration storage needs, but alternative technologies are
highly desirable to avoid supply problems related to Li and
other constituents.2 Na- and K-ion batteries have emerged as
potential replacements for Li-ion batteries in such applications,
mostly due to the far greater abundance of those elements.3−5

Compared to Na, K offers several additional advantages: Its
lower redox potential can yield higher voltages and it can
reversibly intercalate into graphite anodes.3,6

Several classes of materials have been investigated as
cathodes for K-ion batteries, including the familiar layered
transition-metal oxides used in Li- and Na-ion batteries.5,7,8

The layered oxides generally promise high theoretical energy
density and rate capability.8,9 However, almost all of the
layered oxide K intercalation compounds investigated thus far,
such as KxMnO2 and KxCoO2, have only been synthesized and
cycled at intermediate K concentration x, limiting their
practical capacities.10−20 An important exception is layered
KCrO2, first synthesized by Delmas et al.,21,22 which is stable in
the fully potassiated limit. In a key breakthrough, Kim et al.
recently showed that this stability is unique to Cr (among
redox-active 3d transition metals) and demonstrated the
cyclability of layered KCrO2 in electrochemical cells over a
wide range of K concentrations.23 Other studies have examined
K-deficient KxCrO2 starting materials,24,25 which display
different cycling behaviors. This variation in experimental
observations necessitates an understanding of the equilibrium
thermodynamics of this system.

While KCrO2 is a viable candidate cathode material for K-
ion batteries, questions remain about its structural evolution
during cycling, which directly impacts battery performance. As
observed by Kim et al., the system displays a multitude of
different phases upon deintercalation, which produces a
complex, stepwise voltage profile not unlike those of many
layered Na intercalation compounds.23 Phase transitions occur
between the layered O3 and P3 structures (O/P denote
octahedral/prismatic K coordination), shown in Figure 1, as
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Figure 1. (a) O3 and (b) P3 host structures of KxCrO2, which
alternate between slabs of edge-sharing CrO6 octahedra and K
intercalation layers. The O3 structure allows K to lie on octahedral
sites on a single triangular lattice, while the P3 structure allows K to
lie on prismatic sites on either of two triangular lattices. Structures
visualized using VESTA.29
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well as O′3 and P′3 (primes indicate monoclinic distortions of
the hexagonal parent structures26). Such transitions are
accommodated by the facile sliding of CrO2 layers.27,28 The
details of structural phase stability and K ordering preferences
are currently unknown for KxCrO2. Kim et al.23 found that a
significant fraction of the capacity is lost after the first charge,
which may be related to the irreversibility of certain transitions.
Elucidating the nature of structural changes and K-ordering
transitions will assist the engineering of Cr-based cathodes for
next-generation K-ion batteries.
Here we describe the results of a comprehensive first-

principles study of the phase stability of KxCrO2 as a function
of x (0 ≤ x ≤ 1). We predict a myriad of ground state and low
energy orderings in P3 at intermediate K concentrations that
belong to several families of hierarchical phases. These phases
consist of periodic arrays of antiphase boundaries that separate
well-ordered domains. We also predict the stability of a family
of undulating phases with a mixture of octahedral and
prismatic coordination within the same K intercalation layer
at high K concentrations. The undulating phases are referred to
as M phases as they host mixed K coordination. An analysis of
simulated diffraction patterns of the M phases suggests that
they may have already been observed experimentally, being
mistaken for O′3. We argue that the large elastic deformations
that are required to form the M phases may explain
experimentally observed capacity losses at high K concen-
trations.

2. METHODS
Total energies were calculated from density functional theory (DFT)
using the Vienna ab initio Simulation Package (VASP).30−33 The K sv,
Cr pv, and O projector augmented wave (PAW) pseudopotentials34,35

were used with a plane-wave energy cutoff of 600 eV, which, during
testing, was found to be sufficient for convergence of energy
differences to within 0.6 meV/CrO2. Γ-centered Monkhorst−Pack
k-meshes36 were automatically generated with a density of 34 Å,
which, during testing, was found to be sufficient for convergence of
total energies to within 0.1 meV/CrO2. The SCAN meta-GGA
functional37,38 was employed to approximate the exchange-correlation
energy, as it has been found to produce an improved description of
layered oxides compared to GGA(+U).23,39−41 Spin-polarization was
enabled, and all moments were initialized ferromagnetically unless
otherwise noted. Structures were relaxed until the forces were smaller
than 0.02 eV/Å, prior to performing final static calculations using the
linear tetrahedron method.42

Symmetrically distinct K/vacancy-ordered configurations within
periodic supercells of the O3 and P3 host structures were enumerated
using the Clusters Approach to Statistical Mechanics (CASM)
software package.43−46 Energies were calculated for 219 O3
configurations, 258 P3 configurations, and 39 M configurations.
The M structures relaxed from certain O3 configurations and were
identified visually and by the deformation scores calculated by CASM.
The majority of P3 configurations considered in this study were
limited to those that do not contain a nearest-neighbor (NN) K−K
pair, as configurations with such pairs were found to be highly
unstable due to steric repulsion. Some nonferromagnetic orderings of
Cr spins were considered for the O3-KCrO2 and P3-K1/2CrO2 ground
state structures. Cluster expansion effective Hamiltonians for the O3
and P3 structures were fit iteratively in order to predict low-energy
configurations and to run grand canonical Monte Carlo simulations of
finite-temperature phase stability. For P3, the effective cluster
interaction of the NN pair was manually set to a large value (5 eV/
pair) to ensure no simultaneous occupation of those sites in our
cluster expansion predictions. Details of the cluster expansions and
Monte Carlo simulations can be found in Sections S1 and S2 of the
Supporting Information, respectively.

Voltage was calculated using the Nernst equation47

μ μ
= −

− °
V

e
K K

(1)

where μK is the K chemical potential of KxCrO2, μK° is the reference
chemical potential of K metal in the body-centered cubic structure,
and e is the elementary charge.

3. RESULTS
3.1. Phase Stability and Voltage. Figure 2a shows the

calculated zero-temperature formation energies of configu-

rations within each host structure (O3, P3, or M). Formation
energies were calculated relative to CrO2 and KCrO2 in the O3
structure. The convex hulls are shown for each host
individually, along with the global convex hull of ground
states over all host structures. O3 is predicted to be stable for 0
≤ x ≤ 1/6, x = 1/3, and x = 1, P3 is predicted to be stable for
1/5 ≤ x ≤ 1/4 and 2/5 ≤ x ≤ 2/3, and M is predicted to be
stable for 3/4 ≤ x ≤ 7/8. The set of high-energy (near zero
formation energy) configurations in O3 and P3 at intermediate
concentrations correspond to staged structures in which all
layers are either completely empty or completely filled. Figure
S2 of the Supporting Information plots the distance of each
formation energy to the global hull in order to more clearly
reveal structures that are close to the global hull. A high degree
of degeneracy is predicted among different host structures and
ordered K-vacancy configurations. For example, the energy

Figure 2. (a) Formation energy vs composition for calculated
configurations. Filled symbols denote configurations on the local hull
of each host structure. The global hull is outlined in black. Colored
regions in the background indicate where each host structure is
globally stable. The diamond at x = 1 indicates an antiferromagnetic
ordering in O3. All other configurations shown are ferromagnetic. (b)
Voltage vs composition as predicted by DFT (black) compared to an
experimentally measured first charge curve from Kim et al. (gray,
taken from Figure 3a of ref 23). The original experimental curve is
shown as a dotted line, while the solid line is shifted in composition
by Δx = −0.085.
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difference between the O3 and the P3 ground states at x = 1/5
and x = 1/4 is less than 2.5 meV/CrO2, indicating that the two
host structures are nearly degenerate at these compositions
considering the accuracy of the DFT calculations. We did not
exhaustively explore the phase stability below x = 1/3, given
that this region is above the voltage interval that has been
reversibly accessed experimentally.23 Fully deintercalated
layered oxides often prefer the O1 structure;48,49 however,
we calculated the energy of O1-CrO2 to be 1.0 meV/CrO2
higher than that of O3-CrO2. We therefore did not consider
any staged hybrid structures with alternating O1- and O3-type
stacking at low x.
All formation energies plotted in Figure 2a, with the

exception of O3 KCrO2, were calculated with a ferromagnetic
(FM) configuration. The O3 ground state at x = 1 (indicated
by a diamond in Figure 2a) has an antiferromagnetic (AFM)
in-layer ordering of the Cr spins (Figure S3a, Supporting
Information). This ordering is 14 meV/CrO2 lower in energy
than the FM configuration of KCrO2. A preference for AFM
ordering is consistent with the low-temperature magnetic
behavior observed experimentally in KCrO2.

50,51 The P3
ground state at x = 1/2, in contrast, prefers a FM in-layer
ordering, with negligible magnetic interactions between
adjacent CrO2 layers (Figure S3b, Supporting Information).
The FM x = 1/2 ground state was predicted to be 17 meV/
CrO2 more stable than the closest non-FM in-layer ordering
considered in this study. We therefore performed all other
calculations ferromagnetically.
Figure 2b shows the zero-temperature equilibrium voltage

curve obtained by calculating the K chemical potential using
the global hull formation energies of Figure 2a. The numerous
ground state orderings in P3 produce a series of small steps in
the voltage curve, along with larger steps at x = 1/2, 6/11, and
2/3. The M ground states yield another staircase of steps at
higher composition, while the O3 ground state at x = 1/3
produces a large step. Generally, plateaus in the equilibrium
voltage profile signify the occurrence of first-order phase
transitions, as they correspond to a discontinuous jump in
composition at a constant K chemical potential. In the case of
the ordered phases that we describe in Section 3.2,
computational constraints limit us to examining a finite
number of orderings, which results in a stepped voltage
profile. However, an actual material will have the flexibility to
sample a much larger number of phases that are separated by
much smaller composition intervals, thereby giving the
impression of a smoother, sloping voltage profile.
A first-charge voltage curve measured by Kim et al.23 is also

plotted in Figure 2b. The reported capacity for the
experimental voltage curve was converted to composition
based on the theoretical capacity of KCrO2. Figure 2b also

shows the same experimental voltage curve shifted by Δx =
−0.085, such that the largest step coincides with the x = 1/2
ordering in P3. Such a shift is appropriate, as Kim et al.23

observed that some K is extracted from the stoichiometric
KCrO2 starting material before cycling. They attributed this to
interaction with the carbon that was added to the electrode. A
rigid shift in composition is the only adjustment we can
include in our comparison without making assumptions about
other factors such as side reactions. We also note that the
chemical potential gradients present in real systems typically
introduce polarization, whereby the measured voltage lies
above and below the equilibrium voltage on charge and
discharge, respectively,52 though we have not considered this
in our comparison. After accounting for the shift in
composition, the quantitative and qualitative agreement
between our predicted voltage curve and experiment is quite
good. In particular, the three major steps in the experimental
curve match those predicted at x = 1/2, 6/11, and 2/3, with
sloping regions in between that are consistent with many
smaller steps.
Our grand canonical Monte Carlo simulations (described in

Section S2, Supporting Information) suggest that the O3 and
P3 ground states for x ≥ 1/3 do not disorder at 300 K (Figure
S1, Supporting Information). The cluster expansion and
Monte Carlo approach can overestimate order−disorder
transition temperatures; however, we also saw no significant
disordering of the ground states up to around 500 K (Figure
S1, Supporting Information). This is consistent with the strong
ordering preferences displayed by related systems such as
NaxCoO2.

53 The highly distorted nature of the M phases (see
Section 3.2) makes them difficult to model with a configura-
tional cluster expansion approach, but the coupling of K
ordering to periodic undulations of the host layers likely limits
the ability of the M phases to accommodate disorder. It is,
therefore, reasonable to treat each M phase as a line compound
with its free energy approximated by its DFT formation energy.

3.2. Ground State Orderings. As shown in Figure 2,
many ordered phases appear over a wide range of compositions
in KxCrO2. We focus on the P3 and M ground states, as these
appear in the experimentally accessed composition interval.
The ground state orderings found in P3 (for 2/5 ≤ x ≤ 2/3)
belong to several families of hierarchical orderings first
identified in NaxCoO2 and later predicted for KxCoO2.

53,54

These phases consist of regions of a single in-layer ordering
separated by antiphase boundaries (APBs) that accommodate
additional K or vacancies, thereby allowing for smooth
variations in composition. This is illustrated in Figure 3. The
x = 1/2 ordering (Figure 3a), which has been labeled ζ,53

corresponds to the familiar zigzag row ordering on the
honeycomb network that has been observed in several Na

Figure 3. Relaxed in-plane K orderings of the (a) x = 1/2, (b) x = 5/11, (c) x = 6/11, and (d) x = 4/7 ground states in P3. The honeycomb
network of available prismatic sites is shown in white. Black solid lines indicate antiphase boundaries. Black dotted lines indicated the in-layer unit
cells of the ζ ordering (a−c) and the η ordering (d). Structures visualized using VESTA.29
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systems with the P3 structure.55,56 Below x = 1/2, the ζ
ordering is maintained locally while vacancies accumulate
along periodically spaced APBs as shown in Figure 3b. Above x
= 1/2, the excess K concentrates along the APBs shown in
Figure 3c. We have labeled the families of orderings
immediately below and above x = 1/2 as the ζ− and ζ+

phases, respectively.53 At x = 4/7 we predict an important ζ+

ground state having the maximum possible density of APBs
(Figure 3d). This ordering has been labeled η to distinguish it
from the other ζ+ phases. It forms the basis of a third family of
orderings (η+) for 4/7 < x ≤ 2/3 that consist of η domains
separated by APBs that introduce additional K. A complete
description of the ζ−, ζ+, and η+ orderings can be found in ref
53.
The hierarchy of ground state orderings in P3 has the

flexibility to vary the K concentration almost continuously
without significantly disrupting strong local ordering prefer-
ences. This is achieved by varying the density of APBs.
Orderings within the hierarchy can, therefore, be enumerated
algorithmically by varying the periodicity with which APBs
occur. This was done to systematically enumerate 3387
hierarchical orderings in an automated fashion. We generated
all in-layer ζ−, ζ+, and η+ orderings in supercells of volume 36
times the primitive cell volume or less, as well as all
symmetrically distinct stackings of those orderings. We
subsequently approximated their energies using the cluster
expansion developed for the P3 host. There is typically a large
number of these orderings at a given composition because
different spacings of APBs can yield the same composition,53 as
do different stackings of the same in-layer ordering. To
summarize, all 3387 configurations enumerated belong to one
of the three families of APB-based orderings, allowing us to
assess the energetics of these orderings across many more
compositions than we investigated with DFT. As shown in
Figure 4, the cluster-expanded energies of these configurations
all lie within 12 meV/CrO2 of the hull, with many of them less
than 1 meV/CrO2 above the hull. For comparison, the
weighted root-mean-square error of our P3 cluster expansion is
6.0 meV/CrO2 (Section S1, Supporting Information). Thus,
there are likely a continuum of (near) ground states in P3 that

are responsible for the sloping voltage profile seen
experimentally.
The other important family of ground state orderings is the

M phases, which are stable for 3/4 ≤ x ≤ 7/8. First predicted
in KxCoO2,

54 the unique feature of the M phases is a mixture
of octahedral and prismatic K coordination within the same
layer. The relaxed structures of several representative M
orderings are shown in Figure 5. These structures emerge

when relaxing K-rich orderings in O3 that consist of rows of
vacancies (also referred to as O′3 structures). The rows of K
on either side of the vacant row relax toward each other to
form two adjacent rows of distorted prismatic sites. The
displacement of the K causes a periodic undulation of the
adjacent CrO2 layers. The M ground states shown in Figure 5
each contain two rows of prismatic K per unit cell, with varying
amounts of octahedral K. The ground states at x = 3/4, x = 4/
5, and x = 5/6 contain one, two, and three rows of octahedral
K per unit cell, respectively. There are additional low-energy
structures belonging to this family that interpolate the simpler
structures. For example, the M structure at x = 7/9 (calculated
to lie 0.03 meV/CrO2 above the hull, which is within DFT
error) interpolates the ground states at x = 3/4 and x = 4/5,
alternating between one and two rows of octahedral K between
pairs of prismatic K rows. Therefore, as with the P3 orderings,
there is likely an infinite number of M phases with varying
numbers of octahedral and prismatic K rows. A complete
description of the M phases can be found in ref 54. We also
find several metastable M phases below x = 3/4, which are
qualitatively different from the row orderings seen above x =
3/4 (an example is shown in Figure S4, Supporting
Information). Such structures could potentially be accessed
during conversion to P3.

3.3. Structural Evolution. Our investigation of the phase
stability of KxCrO2 predicts a complex series of structural
transitions upon K extraction that follows the sequence O3 →
M → P3 → O3 and passes through a multitude of K-vacancy
ordered phases when traversing the M and P3 hosts. Structural
transitions often result in abrupt changes in lattice parameters
that can have detrimental consequences during cycling of a
battery.52,57,58 Figure 6 shows the calculated lattice parameters
of configurations on the hulls of each host structure. The

Figure 4. Energy above the hull vs composition calculated from the
cluster-expanded energies of many hierarchical orderings in P3. The
compositions of DFT ground states in P3 are shown at a hull distance
of zero. The compositions of important orderings and families of
orderings are indicated.

Figure 5. Relaxed structures of the ground state M phases at (a) x =
3/4, (b) x = 4/5, and (c) x = 5/6. Structures visualized using
VESTA.29
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lattice parameters of FM O3-KCrO2 are predicted to be within
0.5% of the experimentally measured values. The removal of K
from KCrO2 leads to a contraction of the in-plane a and b
lattice parameters (Figure 6a), which is consistent with the
oxidation of Cr3+ toward Cr4+. A strong splitting of the a and b
lattice parameters occurs in the M phases due to the
monoclinic distortion that arises from the row ordering
among K and vacancies that characterize the M phases. A
similar but weaker splitting of the a and b lattice parameters
also occurs in the P3 phases. The c lattice parameter increases
upon deintercalation until x = 1/3 (Figure 6b), due to the well-
known effect of a reduction in screening and an increase in the
repulsion between adjacent O layers with the introduction of K
vacancies.48

We also simulated X-ray diffraction (XRD) patterns of the
relaxed ground state structures to facilitate a direct comparison
to the in situ XRD data reported by Kim et al.23 (Figure 7).
Note that slight quantitative differences in peak positions are
expected due to discrepancies between the true and calculated
lattice parameters. The positions of important peaks observed
by Kim et al. are shown as dotted lines and labeled by letters,
with an overall shift in composition of Δx = −0.2 (determined
by adjusting the largest step in the in situ voltage curve until it
coincides with x = 1/2, as in Figure 2b). This shift places the
starting material at a composition of x = 0.8, which is within
the composition interval in which the M phases are predicted
to be stable. However, the presence of the hexagonal O3 peaks
near 13.7° and 18.0° (labeled a and b in Figure 7), which
cannot be clearly attributed to any of our simulated M peaks,
implies that the material may start as a metastable two-phase
mixture of hexagonal O3 near x = 1 and M near x = 0.8. The
three observed peaks labeled c, d, and e in Figure 7 were

attributed to O′3 by Kim et al. but are close to simulated peaks
in the M phases. The set of simulated M peaks near 16.0° is
also consistent with experimentally observed peaks (labeled f),
while the remaining M peaks are significantly less intense and
may be difficult to resolve in practice. To test whether the M
phases unambiguously provide the best agreement with
experiment among the phases considered, we also simulated
XRD patterns of the metastable configurations on the local
hulls of O3 and P3 in the predicted M stability region (Figure
S5, Supporting Information). Neither set of simulated patterns
for these metastable structures matches the experimentally
observed peaks as closely as that of the M phases, most notably
so for the peaks labeled d and e in Figure 7.
At compositions below x = 3/4, the series of observed peaks

below 13.5° (labeled g in Figure 7) and near 16.5° (labeled h)
match predictions well. The ground state ordering at x = 2/3
exhibits a pair of peaks near 19.5° that are consistent with the
P′3 peaks reported by Kim et al. (labeled i). Upon reduction of
the K composition, these peaks were observed to combine into
a single hexagonal P3 peak before splitting again (labeled j);
however, ground states predicted in this work show the
emergence of a third peak in the same region that then
disappears. This occurs near x = 4/7, which is the composition
of the η ordering that is predicted to be a ground state. The η
ordering has a hexagonal in-plane unit cell (Figure 3d) and
may correspond to the experimentally observed hexagonal P3
structure. Below x = 2/5, Kim et al. again observe a single
hexagonal P3 peak (labeled k), which could indicate that K
begins to disorder in this regime. Finally, a single hexagonal O3
peak was observed near x = 0.3 (labeled l) close to the O3
peaks of the ground state predicted to be stable at x = 1/3,
though this phase may also be disordered. In summary, the
simulated XRD patterns largely agree with experimental
observations. While the available evidence does not definitively
prove the formation of the M phases, it does with some
plausibility suggest that their signatures in XRD may have been
mistaken for those of O′3 phases.

Figure 6. Relaxed lattice parameters (in terms of the hexagonal parent
structures) vs composition for calculated configurations on the local
hull of each host structure. Configurations on the global hull are
outlined in black. Colored regions in the background indicate where
each host structure is globally stable. Gray stars indicate the
experimental lattice parameters of O3-KCrO2 reported by Kim et al.23

Figure 7. Simulated XRD patterns of configurations on the global
hull. A wavelength of 0.71073 Å was used, corresponding to Mo Kα
radiation. Generated using RIETAN-FP59 within VESTA.29 The
compositions of certain configurations are indicated with arrows. Gray
dotted lines with labels a−l indicate key peaks in the in situ XRD
patterns from Kim et al. (Figure 4 from ref 23). The composition of
the experimental data has been shifted by Δx = −0.2.
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4. DISCUSSION

Our first-principles investigation of phase stability in layered
KxCrO2 across the full K composition range has revealed the
stability of a complex series of phases and K-vacancy orderings.
The calculated voltage profile and simulated diffraction
patterns are, upon preliminary comparison, consistent with
experimental observations, indicating that our description of
phase stability in this system is plausible. Our study has
produced two key results: A prediction of the stability of
hierarchical ground state orderings in P3 that consist of well-
ordered domains separated by antiphase boundaries (APBs)
and the prediction of the “M” phases, having mixed K
coordination, as the stable structures at high K concentrations.
As with many layered transition-metal oxides, KxCrO2

prefers the P3 structure at intermediate K content, as the
honeycomb network of trigonal prismatic sites in P3 enables a
reduction in K−K repulsion in spite of the fact that those sites
share faces with Cr.28,49 We predict not just several ordered
phases, but a continuum of ordered superstructures in P3 that
belong to families that share common ordering tendencies
(Figure 3). A favorable ordered motif, such as the ζ ordering
shown in Figure 3a, is preserved over a wide concentration
interval, with variations in K concentration accommodated by
the introduction of APBs as shown in Figure 3b,c. The P3
orderings are examples of the “Devil’s staircase” behavior60,61

found in many materials, including other layered intercalation
compounds27,53,54,62 and metallic alloys.63−65 The staircases of
P3 orderings discussed here are not unique to KxCrO2, as they
are also the predicted ground states in NaxCoO2 and
KxCoO2.

53,54 The recurrence of these orderings suggests that
they may appear in any P3 system in which electrostatic
repulsions between alkali ions are the dominant interactions. It
is therefore important to understand the K diffusion behavior
within APB-based orderings. Though it is known that strong
ordering tends to suppress diffusion,66,67 the presence of APBs
may give rise to unexpected, facile diffusion mechanisms.
Future first-principles kinetic studies will explore this
possibility. As for the evolution of the APB-based phases
during cycling, they could display transitions that occur solely
by the rearrangement of boundaries rather than by a nucleation
and growth process.
The more surprising prediction of this study is the stability

of the M phasesground states with a mixture of octahedral
and prismatic K in the same layer (Figure 5). These structures
were first identified computationally in KxCoO2,

54 emerging
from spontaneous relaxations of certain O3 structures. The
unique stability of these undulating phases appears to originate
from an in-layer rearrangement of K that allows them to spread
out more than is possible in O3. The resulting reduction in K−
K repulsion outweighs the strain penalty of warping the metal
oxide layers.54 In KxCoO2 the M phases are predicted to
appear above the K compositions investigated electrochemi-
cally11 and are likely not globally stable. As layered KxCrO2 is
stable up to x = 1,23 it is more likely to exhibit the M phases.
Our simulated XRD results (Figure 7) suggest that the M

phases have diffraction patterns that are very similar to those
assigned to monoclinic O′3 structures, to the point where it
may be challenging to differentiate between the two. The
energies of the M phases are significantly lower than the closest
O3 or P3 configurations considered in this study, and the
difference increases with x (Figure S2, Supporting Informa-
tion). For example, at x = 3/4 the M ground state lies 17 meV/

CrO2 below the O3 ground state and 5 meV/CrO2 below the
P3 ground state, while at x = 5/6 M lies 33 meV/CrO2 below
O3 and 35 meV/CrO2 below P3. The sizable energetic
preference for the M phases does not support the idea that O3
or P3 would form in their place. We have also confirmed that
M phases provide a better match to the experimentally
observed XRD data than the metastable O3 or P3 structures
(Figure S5, Supporting Information). We note that the
formation of an M phase within an O3 or P3 electrode
particle during cycling would result in coherency strain due to
lattice mismatch and the warping of the CrO2 layers. Such
strain could potentially be quantified in XRD studies through
analysis of peak broadening.68,69 We also observe that the
calculated lattice parameters of the M phases lie between those
of the end point O3-KCrO2 and P3-K2/3CrO2 phases and are
comparable to those of the most stable O3 and P3 structures in
the M stability region (Figure S5, Supporting Information).
This observation, along with the presence of metastable M
phases below x = 3/4 (Figure S4, Supporting Information),
suggests that the M phases could offer a continuous pathway
for structural transformation from O3 to P3 as K is extracted.
If the M phases do indeed form, there would be important

consequences for battery performance. The strain associated
with forming the M phases upon charge could result in a
significant overpotential, which may be part of the reason that
the calculated voltage curve underpredicts experiment at high x
(Figure 2b). The M phases may also explain the capacity loss
observed experimentally, where K cannot be fully reinserted
into the cathode at the end of first discharge. Kim et al.
attributed this to slow kinetics in the O′3 phase,23 but it could
be that the strongly ordered M phases suppress the transition
back to the O3 phase altogether. It therefore may be favorable
to make chemical substitutions that penalize the formation of
the M phases or facilitate reversible transitions between M and
O3, if possible. Layered cathode materials engineered to avoid
such detrimental phase transitions while remaining stable at
high K concentrations could allow for the low-voltage regime
to be fully utilized.

5. CONCLUSION

This study investigated phase stability in layered KxCrO2, a
promising cathode material for K-ion batteries. We found that
O3 tends to be stable at extreme K concentrations, while P3 is
stable at intermediate ones. A multitude of (near) ground state
structures appear in P3, belonging to several families of
hierarchical in-layer K orderings based on the stable x = 1/2
and x = 4/7 orderings. Antiphase boundaries between the
ordered domains allow for smooth variations in composition
with K (de)intercalation but may limit the speed and
dimensionality of diffusion. We also predict the emergence
of unusual “M” phases at high x (3/4 ≤ x ≤ 7/8) that contain
mixed octahedral and prismatic K coordination within each
intercalation layer. These phases display large distortions
driven by K−K repulsion and may lead to irreversiblities if they
form during cycling. We find that the formation of the M
phases is plausible and that they may be difficult to distinguish
from O′3 phases. Our calculated voltage profile and simulated
XRD patterns are generally consistent with experimental
observations, assuming a K-deficient starting material. These
results should provide a foundation for understanding and
optimizing layered oxide cathodes with near-maximal K
content to unlock higher capacities in battery applications.
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