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ABSTRACT: The known crystal structures of solids often corre-
spond to the most thermodynamically stable arrangement of atoms.
Yet, oftentimes there exist a richly diverse set of alternative structural
arrangements that lie at only slightly higher energies and can be
stabilized under specific constraints (temperature, pressure, alloying,
point defects). Such metastable phase space holds tremendous oppor-
tunities for nonequilibrium structural motifs and distinctive chemical
bonding and ultimately for the realization of novel function. In this
Feature Article, we explore the challenges with the prediction, stabi-
lization, and utilization of metastable polymorphs. We review syn-
thetic strategies that allow for trapping of such states of matter under
ambient temperature and pressure including topochemical mod-
ification of more complex crystal structures; dimensional confinement

wherein surface energy differentials can alter bulk phase stabilities; templated growth exploiting structural homologies with
molecular precursors; incorporation of dopants; and application of pressure/strain followed by quenching to ambient
conditions. These synthetic strategies serve to selectively deposit materials within local minima of the free-energy landscape and
prevent annealing to the thermodynamic equilibrium. Using two canonical early transition-metal oxides, HfO, and V, O, as
illustrative examples where emerging synthetic strategies have unveiled novel polymorphs, we highlight the tunability of
electronic structure, the potential richness of energy landscapes, and the implications for functional properties. For instance, the
tetragonal phase of HfO, is predicted to exhibit an excellent combination of a high dielectric constant and large band gap,
whereas {-V,0; has recently been shown to be an excellent intercalation host for Mg batteries. Despite recent advances, the
discipline of metastable periodic solids still remains substantially dependent on empiricisms given current inadequacies in
structure prediction and limited knowledge of energy landscapes. The close integration of theory and experiment is imperative
to transcend longstanding chemical bottlenecks in the prediction, rationalization, and realization of new chemical compounds

outside of global thermodynamic minima.

1. INTRODUCTION

The design of new compounds with properties tailored to
exhibit specific function is a grand challenge in the physical
sciences but is greatly hindered by the immense span of the terra
incognita, spanning ternary, quaternary, and more complex
combinations across the periodic table that remain almost
entirely unexplored. Limiting the search for specific function to
current crystallographic databases essentially corresponds to
sampling of a sparse and often fairly random set of possibilities
across multidimensional configurational landscapes and not
surprisingly has been of limited utility. One alternative involves
examining hypothetical compounds; however, predicting the
structure of a crystalline compound given just its composition
continues to be a formidable challenge that has considerably
limited the scope of computationally aided materials design.' ™
Increasingly efficient treatments of electron densities and
energies in density functional theory (DFT) have enabled the
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accurate prediction of a variety of structure-dependent proper-
ties for periodic solids; however, when the structure of a com-
pound under a given set of conditions is not known, the a priori
prediction of its properties becomes rather difficult. Approaches
for crystal structural prediction from first-principles tend to
emphasize searching for the minimum energy structural arrange-
ment of atoms, which while useful, neglect the considerable
range of new functionality potentially accessible within meta-
stable polymorphs, the identification of energetically proximate
bistable wells whose reversible transformations can allow for
switching of properties, and the recognition of specific structural
motifs that could underpin specific functionality. From a funda-
mental perspective, the search for lowest energy structures often
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constrains ideas of chemical bonding to equilibrium forms.* ¢

Indeed, constructs such as formal oxidation states, coordination
preferences, and the extent of covalency/ionicity constitute the
fundamental tenets of chemistry and are often used to rationalize
structure and reactivity. However, much of the conventional
chemical intuition on these matters tends to be derived from the
behavior of compounds at equilibrium. Metastable compounds
in close proximity to thermodynamic equilibria can manifest
starkly different behavior from their equilibrium counterparts
and thereby provide access to a diversity of atomic arrangements
and chemical bonding and function much richer than accessible
when considering equilibrium configurations alone.”” "% Such
structures are often characterized by electronic structure pecu-
liarities, closely coupled electron and lattice degrees of freedom,
and magnetic frustration, which are a direct result of the
stabilization of unusual oxidation states, multicenter bonding,
and topologically enforced coordination environments; these
characteristics, in turn, underpin the manifestation of unusual
physical phenomena and reactivity. In this Feature Article, we
review strategies for exploring metastable phase space with an
emphasis on recent progress in expanding the available reper-
toire of metastable phases of two canonical early transition-
metal oxides, HfO, and V,0;. The two represent an interesting
study in contrast; the former is characterized by relatively deep
wells positioned relatively far apart on the energy landscape
(a “smooth” landscape with only a few polymorphs as illustrated
in Figure 1), whereas the latter is characterized by numerous

acements and Shuffles

Figure 1. Schematic illustration of a “smooth” energy landscape with
distinctly separated wells corresponding to the thermodynamically
stable phase and two metastable polymorphs. Several polymorphs of
HfO, are depicted in the sketch; the monoclinic phase represents the
thermodynamic minimum, whereas tetragonal and cubic polymorphs
are accessible at temperatures of ca. 1700 and ca. 2200 °C, respectively.

closely positioned polymorphs (conceptualized as a “rugged”
energy landscape with scores of shallow wells). Placing the two
illustrative systems in the broader perspective of synthetic
strategies deployed to access metastable compounds, we discuss
the opportunities that become available when composition does
not result in structural destiny.

Metastable compounds that represent local minima on the
energy landscape have specific features that render them higher
in energy as compared with the global minimum (Figure 1).
Such features span the gamut from unfavorable “frustrated”
coordination geometries to strained bonding of structural units
(e.g., arising from the rigidity of polyanionic units) and elements
of electron correlation and magnetic frustration. Despite such
intrinsic instabilities, their position on the energy landscapes
often renders them isolable and even “bottle-able” when (a) the

path and angle of descent in the multidimensional energy land-
scape are controlled during synthesis to deposit the material in a
shallow metastable well from which it cannot readily be dis-
lodged or (b) upon perturbation of thermodynamically stable
structures along specific coordinates such as through the appli-
cation of pressure, or alternately, chemical pressure/strain
induced by incorporating dopants.

Metastable phases characterized by unusual bonding motifs
can often be deployed to realize new functionality. Diamond
presents an iconic example of a metastable phase and is a high-
pressure metastable allotrope of carbon that can nonetheless be
kinetically trapped and stabilized under ambient temperature
and pressure conditions; its covalent sp>-bonded network yields
remarkable hardness that finds a wide variety of industrial appli-
cations for drilling and cutting of other materials.'"”'* In a similar
vein, whereas the 2H phase of Mo§, is the thermodynamically
stable phase in the bulk, a metallic 1T phase is stabilized as a
result of the decreased formal oxidation state of molybdenum
centers upon Li-ion intercalation and shows vastly improved
activity as an electrocatalyst for the hydrogen evolution reac-
tion.” """ A trigonal prismatic [MoS4] coordination geometry is
preferentially adopted when the Mo center has a 3d" electronic
configuration, whereas the octahedral [MoS,] coordination
geometry is stabilized with a 3d® configuration. The remarkable
performance of olivine Li ,FePO, as a cathode material at high
rates was initially puzzling given the poor miscibility of Li-rich
and Li-poor Li FePO, phases until the discovery that for small
particle sizes the energy dissipative nucleation and growth of the
Li-rich phase is circumvented by instead stabilizing a metastable
solid-solution phase that continuously incorporates lithium
ions; solid-solution formation circumventing phase segregation
has indeed been predicted to be fairly generalizable to a variety
of cathode materials below a critical size. ' The stabilization of
metastable austenitic phases is furthermore well known in fer-
rous metallurgy, wherein phase transformations to thermody-
namically stable phases provide a means of energy dissipation
and toughening upon the application of mechanical strain,'®"?

Metastable compounds have thus far typically been discovered
through a combination of serendipity and ad hoc exploratory
synthesis.”**' Hence, crucially missing is the fundamental under-
standing of which metastable materials can be successfully
synthesized, design rules for stabilizing such polymorphs, mapping
of transformation pathways between polymorphs (toward or
further away from equilibrium), and an understanding of how
their specific structural motifs and potential transformations can
be harnessed to realize novel function.”””>* We start by review-
ing some fundamental governing physical principles and high-
lighting some illustrative examples. Next, through the specific
case studies of V,05 and HfO,, we demonstrate synthetic strat-
egies, tunability of electronic structure, and functional implica-
tions of stabilizing such compounds.

2. PREDICTING VIABLE METASTABLE COMPOUNDS
AND THEIR TRANSFORMATIONS

2.1. Structure Prediction and Identification of Viable
Polymorphs. Inlight of the vast configurational possibilities for
stabilizing different structural arrangements given a specific
composition, it is important to develop design rules for pre-
dicting structure and exploring energy landscapes to a priori
identify viable metastable frameworks for stabilization. Such an
approach is imperative to facilitate initial screening for function-
ality using first-principles calculations as well as to guide syn-
thetic prioritization. As a notable example of evolutionary
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algorithm approaches, Zurek and coworkers have developed
XtalOpt,” which coupled to DFT calculations has been used to
successfully predict a variety of metastable phases stabilized
under constraints such as high pressure. For instance, this
approach has recently been used to predict the structure of PH,
phases found to be superconducting at high lz’rnassuresuS as well
as to predict the existence and manifestation of supercon-
ductivity within a metastable I4/mmm-BaGe, phase.z" The super-
conductivity of the latter phase has indeed now been experi-
mentally verified, which represents a major milestone for first-
principles structure predic:tion.zs In another allziprn:ran:h,29 Steva-
novic performed DFT calculations on a large set of random
superlattices of MgO, ZnO, and SnO, crystal systems to
successfully predict the probability of the occurrence of a given
structure, which, in turn, is reflective of the accessible metastable
polymorphs in these systems. The development of materials
property databases powered by high-throughput first-principles
calculations has provided additional opportunities for the use of
machine learning to extract correlative patterns across large data
sets.”’~** One notable insight from these studies suggests that
the most viable metastable polymorphs are those that represent
the energetically lowest polymorphs under a specific set of con-
straints (e.g., temperature, chemical potential, surface confine-
ment, tensile or compressive stress); rapid quenching of these
structures upon the removal of the constraint can leave the
metastable phases trapped within shallow valleys.”*** From a
practical perspective, if constraints under which a considered
phase is the energetic minimum cannot be identified, then
devising a synthetic strategy becomes rather challenging.

2.2. Explorations of Transformation Pathways. The
pathways along which metastable polymorphs traverse to the
thermodynamic minimum or to other polymorphs determine
the energetic barriers and thus their accessibility and stability.
Energetically proximate polymorphs are of particular interest as
a result of their being switchable upon the application and
removal of external stimuli. For instance, the metal—insulator
transitions of VO, and NbO, are accompanied by monoclinic to
tetragonal and undistorted rutile to body-centered distorted
rutile transitions, respectively.”>*’ Energetic proximity is, of
course, a necessary but not sufficient criterion for obtaining
bistable systems; the energy barriers for transitions between two
phases are fundamentally a function of the pathway linking the
two polymorphs. The barriers between the insulating and
metallic phases in these materials, reflective of varying structural
and electronic contributions, are vastly different, as reflected in
transition temperatures of 67 and 807 °C in VO, and NbO,,
respectively. The determination of energy landscapes and trans-
formation paths is thus critical to accessing metastable poly-
morphs. While exceedingly computationally expensive given the
multiple degrees of freedom, calculations of energy landscapes as
a function of structural degrees of freedom, taking into account
potential constraints such as templates, strain, finite size, or
surface confinement, can provide important inputs to synthetic
strategies.

The generalized solid-state nudged elastic band formalism is
one of the most commonly used algorithms to successfully pre-
dict minimal energy transformations; it allows for the compu-
tation of the structure and energetics of transition states and
thereby allows for evaluation of the energetic barriers and
kinetics of polymorphic transformations.”” * However, a
primary drawback of NEB-based approaches is the requirement
of an a priori assumption with regards to the initial and final
states of the transformation. Recently, Stevanovic and coworkers™

have developed a structure mapping algorithm, which uses an
optimal mapping approach that is diffusionless in nature and
minimizes the dissociation of chemical bonds. In another exam-
ple, Arroyave and coworkers have developed a mathematical
framework for the rapid exploration of energy landscapes in
phase-transforming materials, allowing for the identification of
metastable intermediates based on the implementation of novel
multidimensional string methods to identify transformation
paths between arbitrary minima in the energy landscape.*' It is
anticipated that the development of more efficient algorithms
and a greater deployment of high-performance computing resources
will substantially increase the understanding of complete energy
landscapes and allow for insights into how transformation path-
ways can be altered. The role of defects, strain, and dopants on
transformation pathways remain underexplored, primarily
owing to the computational expense of calculating landscapes
for large supercells across multiple configurational degrees of
freedom.

3. STRATEGIES FOR THE SYNTHESIS OF METASTABLE
COMPOUNDS

3.1. Solution Phase Synthesis and Topochemical Meth-
ods. Potential energy landscapes such as plotted in Figure 1 are
essentially representations of the free energy of a system plotted
as a function of configurational degrees of freedom. As a system
relaxes toward equilibrium, from a high-energy state, it explores
the landscape in search of a means to most efficiently dissipate
the excess free energy. Conventional ceramic and metallurgical
processing routes provide an excess of energy, and thus the
material is usually able to efficiently explore the path toward
equilibrium without being trapped in metastable states. In con-
trast, solution-phase synthesis routes have the potential to care-
fully “deposit” the material in a local minimum that can effec-
tively “trap” the system within forms exhibiting unusual
chemical bonding motifs. Such local “traps” can further be
modulated through the inclusion of defects, impurities, disorder,
and interfaces, all of which serve to direct the trajectory of a
material down its descent from a higher energy state.

Topochemical modification routes represent a particularly
intriguing approach wherein leaching of specific anionic or cat-
ionic structural components provides a means of stabilizing open
framework structures, which, in turn, can again be intercalated with
other cations or anions such that the final structure represents
the atomistic arrangements defined by the initial template.*>*®
Performing these reactions at low temperatures and with reac-
tivities of leaching agents matched to ensure that slow diffusion
assures preservation of the metastable frameworks by limiting
the amount of energy available to facilitate recrystallization to
the thermodynamic form. As a recent elegant example of this
approach, Powell and coworkers*” have shown that upon starting
with roxbyite-type Cu,_,S solution-mediated cation exchange yields
metastable wurtzite polymorphs of CoS and MnS (Figure 2A).
As another example, the topochemical deintercalation of
Ca-ions from CaGe, has allowed for stabilization of germanane,
a 2D analogue of graphene.4" Indeed, Goldberger and colleagues
have recently elaborated this strategy to stabilize 1T, 2H, and 6R
germanane polytypes by topochemical deintercalation of cations
from 1T EuGe,, 2H a-CaGe,, and 6R f-CaGe, Zintl phases.**
The reaction of GAOCI nanocrystals with XeF, has allowed for
stabilization of a metastable GdF; polymorph, providing an
example of topochemical alteration of the anion sublattice.*” In a
subsequent section, we discuss at some length the myriad V,O;
polymorphs that can be accessed using topochemical methods.
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Figure 2. Schematic illustration of strategies for the stabilization of metastable polymorphs: (A) Topochemical modification: Roxbyite-Cu,_,S is
topochemically converted to the metastable wurtzite polymorphs of Co$ and Mn$ via solution-mediated cation exchange.** (B) Dimensional
confinement: The metastable tetragonal phase is stabilized below a critical size of ca. 3.6 nm. (C) Templated growth: The metastable hexagonal WO,
phase is stabilized by templated growth of WO, nudlei in a precursor solution of (NH,)sH;W,0,4xH,0." (D) Dopant incorporation: increasing
interstitial doping of hydrogen in M1 (P2,/c) phase of VO, stabilizes the metastable O1 (Pnnm) and O2 (Fdd2) phases, respectively. Adapted with
permission from ref 67. Copyright 2014 American Chemical Society. (E) Pressure: A pressure-induced structural distortion accompanied by a
semiconducting—metallic electronic transition is achieved during the conversion of 2H-MoS, to 1T-MoS,.*

3.2. Finite Size Effects on Phase Stability. Surfaces and
dimensional confinement provide the second primary strategy
for the synthesis of metastable polymorphs. At nanoscale dimen-
sions, surface free-energy (as well as strain energy) terms can be
opposite in sign to bulk free-energy descriptors and enable the
stabilization of unusual structural motifs under conditions that
represent constrained equilibrium rather than kinetic treq:vl:»ing.“’8
The size dependence of free energy can be written as

GO = Gbulk + Z KA‘
i (1)

where Gy, is the bulk free energy and y and A are the surface
energy and surface area of a given facet i.* If there are two
polymorphs a and b, for which G, < G, but y;, < y,, then the dif-
ferences in surface energy can bring about a crossover of
thermodynamic phase stabilities below a certain critical size. For
example, the rutile phase of TiO,, with P4,/mnm symmetry,
become more stable than the anatase phase, with I4,/amd
symmetry, at a critical diameter of ca. 14 nm.*” More than 50 years
ago, Garvie discovered that below a grain size of 30 nm ZrQO, can
be stabilized in the tetragonal phase at room temperature. This
remarkable stabilization originates from the surface energy con-
tribution outweighing the bulk free energy because the tetragonal
phase exposes considerably lower energy surface facets.”*” A full
account of the different energy terms involved in the phase
transformation is warranted to understand the pronounced size
dependence of phase stability; the relevant terms will be contrasted
in a subsequent section to highlight the differences between HfO,
and ZrQ,, which has made stabilization of high-temperature
polymorphs of the former a much more challenging endeavor.”>**
In contrast with ZrQ,, the critical size for stabilization of tetragonal
HfO, is found to be almost an order of magnitude lower, ca.
3.6 nm, as shown in Figure 2B.

3.3. Templated Growth. A third approach involves nucle-
ation and growth of materials from specific epitaxially matched
templates that favor the growth of a metastable polymorph over
the thermodynamically stable phase. The growth of metastable
phases under these conditions reflects the strain-induced
crossover of thermodynamic stability in specific systems and is
an interesting corollary to pressure-induced transitions. Classical
examples include stabilization of @-Sn and @-Sn:Ge alloys using
molecular beam epitaxy.”” Similarly, MgS and MnS have been
grown in the metastable zinc-blende phase by molecular beam
epitaxy onto GaAs (100) substrates.” An insulating metastable
monoclinic M2 phase is stabilized under strain for VO, thin films
and individual nanorods;’” indeed, a solid-state “triple point” has
been identified wherein the M2 phase as well as the insulating
monoclinic M1 phase (the thermodynamic minimum) and a
rutile !)hase can coexist along a strain—temperature phase dia-
gr;m'l_‘8 Remarkably, similar strain effects have been observed
upon the incorporation of W dopants within otherwise free-
standing nanorods reflective in large measure of the equivalence
of chemical strain; slivers of M2 domains spanning only a few
unit cells are stabilized at the interface between M1 and rutile phases
and minimize the strain mismatch between these polymorphs.*>*

As a variation on this theme, Iversen has followed the stabi-
lization of various polymorphs of WO, (Figure 2C), utilizing in
situ pair distribution function methods, and has demonstrated
the remarkable preservation of structural motifs from molecular
precursors to extended solids, reflecting a close structural rela-
tionship between the precursors and incipient nuclei that
strongly alters the relative phase stabilities from the bulk phase
diagram.** Such an idea of seeded growth wherein the final
polymorph shows structural homologies to the precursor has
further been noted for MnQO, nanocrystals grown under hydro-
thermal conditions.’
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3.4.Dopant Effects on Phase Diagrams. The inclusion of
extrinsic dopants or variation of the concentration of intrinsic
point defects can profoundly alter phase diagrams. The stabi-
lization of cubic and tetragonal ZrQ, by aliovalent doping is well
established and is a result of the altered local coordination envi-
ronments,®” oxidation states, and size of the dopant atoms that
are oftentimes better accommodated in a higher energy meta-
stable polymorph as compared with the (often close-packed)
phase that represents the thermodynamic minimum. Ramprasad
has recently presented a detailed computational exploration of
dopants that can potentially stabilize the ferroelectric ortho-
thombic phases of HfO,.**** Such studies are illustrative of
approaches for the rational design of doping schemes that are
thus far only sparsely explored.

An intriguing set of ideas that has attracted recent attention is
the use of diffusive dopants to reversibly alter phase stabilities,
providing a means to access metastable phase space through
postsynthetic modification. By coupling the diffusion of dopants
to applied strain, chemical potential gradients, or voltage fields,
the phase of a material can be changed “on the fly”, thereby
providing a powerful means of dynamically modifying phase
diagrams. In recent work, voltage-driven insulator (2H)—metal
(1T’) transitions have been evinced in MoTe, upon electrostatic
modulation; electrostatic doping can be induced through
intercalation of Li-ions instead of direct electrical biasing of
the 2D materials.*>* Other examples of diffusive dopants that
alter phase stability are observed for hydrogen (Figure 2D)
and boron interstitial dopants in VO,; the former stabilizes
an orthorhombic phase, whereas the latter stabilizes the rutile
metallic phase.”**

3.5. Pressure-Induced Stabilization of Metastable
Phases. The pressure applied on materials can be tuned suit-
ably to unravel novel metastable phase space. Indeed, Nayak and
coworkers, have demonstrated the conversion of the thermo-
dynamically stable 2H-phase of MoS, to the 1T-phase upon the
application of pressure.** A structural distortion, followed by an
electronic transition from semiconducting to metallic state, has
been observed at ca. 19 GPa (Figure 2E). Ab initio calculations
reveal an increased overlap of the valence and conduction bands
due to compression as the possible origin of the phase transition.
In another example, Flores-Livas and researchers have been able
to synthesize multiple metastable phases of phosphorus by applying
pressure up to 170 GPa.” Several of the metastable phases showed
excellent superconducting properties, entirely inaccessible in the
thermodynamically stable-phase red phosporous. Applying high
pressure in conjunction with moderate temperature can easily
overcome the barrier to stabilize metastable polymorphs. For
example, the high-pressure phase f-V,0; can be synthesized by
coupling temperature and pressure.’’

4. ELUCIDATING STRUCTURE—FUNCTION
CORRELATIONS ACROSS POLYMORPHS

When comparing a metastable material to its thermodynami-
cally stable counterpart, it is important to note that the stoichi-
ometry, constituent elements, and generally the formal valence
states of the elements that comprise the material remain the
same; only the specific ordering and connectivity of the material
changes, and thus utilizing metastable polymorphs represents a
means to directly alter the arrangement of the atoms of a
material in physical space. The altered connectivity can have a
pronounced influence on the local bonding, strongly altering the
ionicity/covalency of the framework’' and giving rise to a vastly
different electronic structure. Such structures can thus allow

for substantial tunability of electronic, magnetic, and optical
properties.

A detailed elucidation of chemical bonding across different
polymorphs can further delineate structural (and bonding)
motifs from the equilibrium structure that are conserved in
accessible metastable frameworks, and, conversely, those “free-
energy raising” features that represent excursions from the thermo-
dynamic minima that are still accessible. The identification of
structural motifs that underpin a certain function furthermore
provides design rules for targeted exploration of phase space.
As we will discuss below, rigid connectivity of vanadium-centered
polyhedra and relatively uniform coordination environments of
interstitial sites facilitates diffusion of multivalent cations;’ "> as
another example, linear chains of vanadium-centered polyhedra
facilitate the stabilization of metallic compounds, whereas
dimerization of such chains opens a Mott—Hubbard gap.’

The specific role of metastability in altering structure—
function relationships is perhaps nowhere more apparent than in
metastable vanadium oxide materials; the accessibility of dif-
ferent oxidation states of vanadium and the close stabilities of
tetrahedral, square pyramidal, and octahedral environments
allows for the stabilization of a variety of structural motifs. In our
recent work, we have explored the structure—function relation-
ship between ionic diffusion barriers and crystallographic struc-
ture for several polymorphs of V,05 with distinct structural
motifs.”*”> A detailed discussion of different V,0g polymorphs
is presented in the next section.

In another example, HfO, is known to have a combination ofa
high dielectric constant and large band gap,”® making it an
excellent dielectric for use within field-effect transistors. How-
ever, the thermodynamically stable monoclinic phase of HfO,
has a dielectric constant of ~18. In contrast, the metastable
tetragonal phase of HfO, (stable above ca. 1700 °C) has a
predicted dielectric constant of 70 and a band gap of 6 eV.”” The
change in local symmetry and coordination strongly modifies
the phonon dispersion of tetragonal HfO, as compared with
monoclinic HfO,; the softer phonon modes of the metastable
polymorphs underpin the much higher dielectric response.”®
The stabilization of metastable phases of HfO, is discussed in a
subsequent section.

5. METASTABILITY AND INTERCALATION CHEMISTRY

5.1. Nonequilibrium Intercalation and Metastability in
LiFePO, and MnO,. Metastability—as a concept, recurring
motif, and design tool—'>"* is deeply intertwined in intercal-
ation chemistry and has become increasingly important, particularly
with the rise of secondary batteries exploiting intercalation
phenomena. Indeed, the success of the Li-ion battery is founded
on the use of materials that in their fully charged states are in fact
metastable”” or alternatively pass through metastable intermediate
states, thereby circumventing immiscibility gaps and eschewing
energetically costly nucleation and growth mechanisms.'“** More
specifically, in the case of lithium cobalt oxide and related
cathode materials, full cells are typically assembled using the
thermodynamically stable discharged phases (LiCoO,). Upon
charging, metastable materials of the type Li, ,CoQ, are formed
as x approaches unity, albeit the depth of discharge is typically
limited to x = 0.5 to avoid oxygen evolution due to surface
peroxide formation.””*""*” In the case of Li,FePO,, both end
members (ie, FePO, and LiFePO,) are thermodynamically
stable; however, there is severely limited Li solubility in both
phases, which suggests that lithiation/deliathiation proceeds
according to nucleation and growth of the fully lithiated phase
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growing at the expense of the delithiated phase.*> Below a
certain particle size regime, however, much higher rates are
observed. The increased rates in smaller particles have been
attributed to the stabilization of metastable compositions (with
increased Li solubility) that bridge the miscibility gap of the
thermodynamically stable end members to allow for complete
solid-solution formatmn across the entire cycling range (i.e., 0 <
x < 1 in Li_FePO,).*”

Perhaps more recognized is the utilization of various poly-
morphs of a given composition as cathode materials in attempts
to vary the function while retaining composition. Indeed, this
approach is ubiquitous in the exploration of novel cathode mate-
rials, particularly in the case of MnO,, where several polymorphs
such as a-MnO, and 8-MnQ, are directly accessible from
hydrothermal synthesis. 155 In other cases, metastable binary
materials are stabilized via selective removal of an ionic species
(e.g., stabilization of metastable --MnO, by extraction of Li from
the thermodynamically stable LiMn, O, spinel-type structure).*”
Indeed, such an approach provides access to a broad palette of
Mn—O connectivity encompassing polymorphs with 3D (f-MnO,,
thermodynamic minimum), 2D (§-MnO,, spinel 1-MnQO,), and
quasi-1D (hol]andlte a-MnO,, ramsdellite R-MnQ,, and y-MnO,)
crystal structures.” Desplte the extensive use of these materials
as cathode materials, no generalized approach to their discovery
has been proposed in the literature.

Finally, there has recently been increased attention to moving
beyond Li toward multivalent-ion batteries (Mg, Ca**, Zn*,
Al3+) 758990 each of which has distinct inherent beneﬁts such
as the storage of twice the electrons per intercalated ion, increased
safety, increased crustal abundance (and thereby decreased cost
and greater sustainability), and the prospect of utilizing metal
anodes (a prospect precluded in the design of Li-ion batteries as
a result of safety conmderatmns with handling metallic lithium).
As we have recently shown,”® the use of metastable materials as
cathodes in multivalent ion intercalation batteries can give rise
to many interesting properties derived from the fact that both
the “charged” oxide (MO,, where M is a redox-active transition
metal) and the discharged phases (M'MO,, where M’ is an electro-
chemically intercalated multivalent cation) are metastable. Indeed,
in the case of the recently studied f-Mg33V,05—{-V,0;5 system,
the entire compositional range is metastable. Recent success
examining metastable compositions as cathode materials and the
structure—function relationships that arise will be discussed
below with an eye toward seeking fundamental descriptors for
the design and stabilization of additional cathode materials.

5.2. Metastable Vanadium Oxides as Intercalation
Hosts. Metastable phase space is vast when compared with thermo-
dynamically stable phase space, notionally encompassing different
possible configurations of atoms, and therefore is difficult to explore
ina systematn: manner without computational guidance or chemical
intuition.”* One example of the latter approach, as observed in
the case of spinel-derived A-MnO,, is to realize unique binary
connectivity (i.e., MO, where M =V, Cr, Mn, Fe, Ni, Co) from
motifs observed in thermodynamically stable ternary phases
(i.e, M"MeO,, where M” is a third cation—not necessarily the
one that is sought to be intercalated). Such an approach is
predicated on the stability of the M—O frameworks and allows
for established soft-chemistry synthetic techniques to be used to
remove the intercalated ions from known ternary phases to
stabilize metastable binary phases. The topochemically stabi-
lized frameworks represent kinetically trapped species that
under reaction conditions are unable to recrystallize into the
thermodynamically stable form; such an approach provides a

considerable set of target structures for the exploration of meta-
stability. Figure 3 illustrates a broad palette of ternary M, V,O;
and topochemically modified V,0;4 structures either realized
experimentally or examined using first-principles calculations.

The multiple available redox states (VS* — V* — V3%), the
high oxidizing potential of the redox couples (ca. 3.8 V vs Li),
and the large theoretical specific capacity (443 mAh g™' for
Li;V,0;) make V,05 an exceedingly promising system from
the perspective of energy-storage metrics. The large number of
structural motifs and plethora of observed vanadium—oxygen
connectivity and coordination observed in binary vanadium
oxide materials have few parallels in other transition metals.”’
The observed structural diversity grows exponentially when
moving beyond binary vanadium oxides to consider ternary
vanadium oxide bronzes. The presence of intercalated cations
forces the rearrangement of the vanadium oxide lattice, often
resulting in unique structural motifs that are highly dependent
on the identity and stoichiometry of the intercalated cation.
Indeed, the intercalation of cations into V,QO; results in the
formation of ternary M,V,0; (or for that matter other mixed
valence M.V, O) materials, where the identity of “M” spans
several ';g_roups of the periodic table from alkali’”>° and alkaline
metals, to transmon metals” "% and post-transition-metal
main group cations”™ and even organic cations. 102,103 ‘Whitting-
ham and coworkers have exhaustively reviewed and systemati-
cally categorized the diversity of vanadium—oxygen structural
connectivity, with an emphasis on open frameworks.”’ Many of
these structures can potentially be fully or partially deinterca-
lated to form metastable binary vanadium oxides with a broad
range of vanadium—oxygen connectivity not observed in the
thermodynamically stable layered phase of V,0;. These
compounds suggest a powerful starting point for fundamental
explorations of a “rugged” energy landscape with multiple
accessible members, each with its own electronic structure and
specific diffusion pathways for intercalated cations.

To date, there are six known polymorphs of V,O;. In addition
to the thmnodynalmcal}y stable @-V,0; phase (Figure 3a,
center),'® there are five metastable polymorphs of V,0s,
including the high- pressure p-V,05 phase (Flgure 3e), the
chimie-douce-stabilized ¥’ V205 (Flgure 3b),'” the close-
packed-3D high-pressure §-V,05,'* the £'-V, 05 double layered
phase closely related to the xerogel phase (Figure 3d),”' and the
tunnel-structured 1D polymorph {-V,05 (Figure 3c).”"”*'%”
Although metastable, the structure of 3-V,Qjs is close-packed, as
would be expected for a polymorph stabilized above 8.5 GPa and
1100 °C."% A broader palette of potential metastable
compounds notionally derived along the lines of Figure 3 has
been examined as potential intercalation hosts using first-
principles calculations.

5.3. Crystallographic Relationships and First-Princi-
ples Evaluation of Thermodynamic and Kinetic Aspects
of Intercalation. Selecting temary M,V,O; phases as initial
precursor structures mitigates a primary issue with computa-
tional screening that often yields predicted structures that are
not synthetically viable. Given the complexity involved in
synthetic stabilization and electrochemical measurements, first-
principles DFT calculations are nevertheless useful for
evaluating the specific candidates derived from examining
ternary vanadium oxides. In recent work, we have used such
calculations to predict thermodynamic aspects such as structural
parameters, lattice alteration upon intercalation, and open-
circuit voltage as well as kinetic parameters such as diffusion
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Figure 3. Metastable binary vanadium oxide phases depicted alongside parent ternary M,V, O phases. (a) Thermodynamically stable a-V,0, phase is
depicted at the center of the schematic. Several predicted vanadium oxide phases with starkly different vanadium—oxygen connectivity are arranged on
the left in a semicircle. These phases represent synthetic targets for topochemical stabilization from previously reported ternary vanadium oxide
bronzes if the vanadium—oxygen connectivity of the parent compounds can be preserved upon deintercalation. Moving counterclockwise from the
top of the semicircle, these ternary bronzes are Cs; ;V,05, Ba, ,(VO), ,V,05-H,0, CsV,0,, (H,N(C,H,),NH, ), V,05, and Cs;;35V50,. (b—d) Three
topochemically stabilized metastable phases of V,0; (y'-, {-, and £’-) delineating synthetic parameters used for topochemical deintercalation of
the inserted cations from the ternary bronzes. (e) Another metastable vanadium oxide polymorph (f-V,0;) is depicted. This polymorph has been
stabilized through application of high pressure and temperature and is stabilized at room temperature by rapid quenching (as reported in ref 70).

/ Z%
—_— —
, Stacking |~ |
sequence %
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Figure 4. Schematic representation of crystallographicrelationships between various polymorphs of V,0;. The fundamental building units of the V,04
crystallographic system comprise [VO;] square pyramids and distorted [VO,] octahedral units. The gray and red spheres represent vanadium and
oxygen atoms, respectively, the solid red pyramids represent [VO,] units, and the solid red quadrilaterals represent [VO,] units; a change in shading
indicates that the units are in different planes. The polymorphs of V,05 represented are (B) a-V,0;, (C) 8-V,0s5, (D) ¥'-V,0s, (E) f-V,0s,
(F) p'-V105, (G) &'-V,05, (H) €'-V;05, and (I) {-V;0s.

barriers and diffusion pathways for various metastable poly-
morphs of V,0,.#7592/108

5.3.1. Crystallographic Relationships. a-V,Qy is the thermo-
dynamic sink of the V—O phase diagram (and indeed mined as a
naturally occurring ore) and is a good starting point to understand
the structure of other metastable phases of V205.109’1m Itis a
layered structure comprising [ VO;] pyramidal units sharing comners
and edges to form 2D single-layered lamellar sheets (Figure 4B).
These sheets are held together by van der Waals forces along the
¢ direction to form a layered crystal structure with Pmmn
symmetry."' ' Figure 4 depicts the approximate crystallographic

relationships between this structure and several metastable poly-
morphs. The metastable single-layered 6-V,0O; (thus labeled to
distinguish it from the double-layered §’-phase discussed below)
with a space group symmetry of Amma,'** canbe conceptualized
to be derived from topochemical deintercalation of lithium from
5-Li,V,05 (0.88 < x < 1.0).""* The overall lamellar structures of
a-V,0; and §-V,0O; are similar; however, the alternate sheets are
shifted from each other by half a unit cell in the ¢ direction
(Figure 4C). The y'-V,O; phase can be derived from §-V,0; by
rotation of the two edge-shared [VO;] pyramidal units by 90° in
opposite directions along V1—O1 and V2—02, respectively, as
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Table 1. Calculated Open-Circuit Voltages (OCVs) for Li- and Mg-Ion Intercalation in Several Polymorphs of V,0,°

OCV-Li OCV-Mg Eu-ViOs  EpyLiVyO5  Epy-MgV,0s
(v) (v) (meV) (meV) (meV)
a-V,05 3.35 2.59 0 45 118
7-V,0, 3.44 273 6 27 50
&V, 04 371 3.28 2% 23 -17
PV,05 374 2.86 30 38 85
§V,05  3.59 2.80 32 53 149
£V,0, 372 2.92 32 47 83

Li-ion diffusion Mg-ion diffusion change in oxygen coordination

barrier (eV) barrier (eV) environment
0.11-0.16 1.15-1.23 8—3—8
0.18-0.15 0.71-1.16 4—3—5—3—4
0.13—-0.14 0.62—0.86 4—3—5—3—4
0.07-0.07 0.28-0.46 4—3—5—3—4
0.07-0.19 0.54-1.07 4—3—5—3—4
0.10-0.11 021-0.24 4—=4—4—4—4

“Energy-above-hull (E,;), which predicts the stability of the polymorphs with respect to their stable constituents in meV/atom, is also noted.
An E, ; value of 0 meV/atom represents the polymorph that is the ground state of the system. Migration energy barriers in electronvolts per unit
supercell and the change in oxygen coordination environment for Li- and Mg-ions are also noted for each polymorph.

shown in Figure 4D. This puckering occurs only along alternate
[VO;] pairs of the lamellar sheet. As a result, the apical V=0
bonds are slightly skewed along the crystallographic b axis, in
contrast with a-V,05 and §-V,0;, where they all point in the
same direction. In contrast, p’-V,0;, §'-V,0;, and &'-V,04
comprise double-layered V,O  units sharing corners and edges,
which are held together by van der Waals forces along the
crystallographic ¢ direction. Notably, these three double-layered
polymorphs differ from each other in terms of stacking of the
V40, double layers along the a direction. The §'-V,0O; and
£'-V,0; polymorphs can be derived from the p’-V,0; phase by
sliding of the alternate double layers along the crystallographic
adirection (Figure 4F—H). -V,0Os, a high-pressure phase with a
space group symmetry of P2,/m,”° comprises two [VOg] units
that share an edge to form a double-layered unit; these units
share comers in the a and b crystallographic direction to form a
double-layered 2D sheet (Figure 4E). The structure can be
conceptualized to result from the parent @-V,O; phase by bringing
the layers together along the c axis and sliding along the direction
delineated by arrows in Figure 4E. The metastable phase {-V,0;
is distinct in adopting a 1D tunnel structure with a space group
symmetry of C2/m. """ It comprises three distinct vanadium
centers: (a) distorted V(1)Oy4 octahedra connected at edges,
(b) distorted V(2)Og octahedra connected at corers, and
(c) V(3)O; pentagonal square pyramids. This phase can be related
to the §’-phase through several slip, condensation, and distor-
tion processes, and indeed the reversible interconversion of
Ca-intercalated frameworks #-Ca,V,0; to -Ca,V,O; has been
experimentally realized.'">

5.3.2. Calculated Thermodynamic and Kinetic Parameters.
The fundamental cell voltage of a battery is derived from the
difference in chemical potential between the anode and cathode
selected for the cell, which, in turn, is dependent on the change
in Gibbs free energy between the charged and discharged states.
As such, varying the framework connectivity via selection of
polymorph (by selection of metastable materials) can serve as a
handle to tune the electrochemical potential of one-half of the
cell and thus the voltage of the entire cell, all without changing
composition. The average open-circuit voltages for Li-ion and
Mg-ion in various polymorphs of V,0O; calculated using DFT are
contrasted for different polymorphs of V,0; in Table 1.7%75%2
The voltages are computed with respect to the bulk metal anode
(body-centered Li and hexagonal close-packed Mg) in each
case.”»*»!"*!15 Tywo main inferences can be drawn from the
computed voltages. First, the open-circuit voltages (OCVs) fol-
low the same trend as the standard reduction potential in the
aqueous electrochemical series (—3.04 V vs SHE for Li and
—2.37 V for Mg). Second, the OCVs for the cation intercalated
metastable phases of V,0O; are higher in comparison with a-V,0.

The primary origin of the higher voltages is the relative instab-
ility of the metastable polymorphs in comparison with a-V,0;.
As shown in Table 1, metastable phases y'-V,0, (-V,0,,
p'-V,05,8'-V,04 and £'-V, 05 are 6, 24, 30, 32, and 32 meV per
V,0;5 unit unstable in energy than a-V,0s. The intercalated
phases of a-V,0; are relatively more stable than intercalated
phases of metastable V,0;. However, the difference in energy
between the intercalated metastable phases and its discharged
phase is higher in comparison with the same differential in
energy for a-V,0;.

The stability of the cathode further represents an important
parameter. Table 1 plots the energy of decomposition (E™") for
different polymorphs. A cathode material with an E™ value of
zero is considered to be thermodynamically stable, whereas a
positive E™ value suggests instability. a-V,Oj is considered to
be the thermodynamic sink with a E™!value of zero. In contrast,
¥'-V,0s, £-V,04 p'-V,04, 6'-V,04, and £'-V,0; are only 6, 24,
30, 32, and 32 meV higher in energy, respectively, suggesting the
potential accessibility of several enmergetically proximate
polymorphs close at room temperature. Similarly, a-LiV,0;,
¥-LiV,05, f'-Lig V205, p-LigsV20s 6-LiV,05 and &-LiV, 05
are 45, 27, 23, 38, 53, and 47 meV higher in energy, suggesting
their potential viability. However, a-MgV,0; and §-MgV,0; are
highly unstable with high E* values of 118 and 149 meV,
suggesting that these phases are unlikely to be good intercalation
hosts. Remarkably, f-Mg ;3V,05 is —17 meV more stable and
y-MgV,05, p-Mg,sV,05, and £-MgV,Oj are only S0, 85, and
83 meV above the thermodynamic stable state, suggesting that
they might be readily accessible at room temperature. In general,
double-layered and tunneled-structured V, 05 phases appear to
be much more stable as compared with single-layered V,Os;.

The migration energy barrier (E,) is defined as the maximum
energy required for an intercalant to hop between two low-
energy-lying intercalant positions through the transition-state
geometry. To provide a perspective of the numerical values, a
60 meV change in barrier energy is enough to change the diffusivity
of the intercalants by one order of magnitude. For a micrometer-
sized particle to be used as a viable cathode material, diffusion
barriers <0.525 eV have been suggested, whereas for nanometer-
sized particles, slightly higher diffusion barriers on the order of
0.650 eV can be tolerated given the shorter diffusion path
lnangths.llts The computed diffusion barriers for Li-ions are low
for all of the polymorphs, translating to an approximate diffu-
sivity of (2 to 4) X 107* cm? s™, For Mg-ions, the migration
barrier is 1.15 to 1.23 eV in @-V,Os, which decreases to ca. 0.71
to 1.16 eV in y'-V,05, ca. 0.62 to 0.86 eV in {-V,0 0.28 to
0.46 eV in p'-V,0s, 0.54 to 1.07 eV in 6'-V,0;, and ca. 0.21 to
0.24 eV in £'-V,0;. The computed barrier for Mg-ions at the
initial charging limit in all of the metastable polymorphs
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v'-V,0q

a-V,0,

p'-V,0;

Figure 5. Cation-oxygen coordination environment during mono/multivalent ion diffusion in (A) thermodynamically stable phase a-V,05 and
metastable phases, (B) y’-V,0s, (C) {-V,0s, and (D) p’-V,05. The green arrow shows the lowest energy pathway for diffusion, and the numbers
indicate the change in the coordination number during the process of diffusion. Parts of this Figure are reproduced with permission from refs 73 and 75.

Copyright 2018 Elsevier and 2017 American Chemical Society.
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Figure 6. (A—C) Total density of states and atom-projected density of states. Vanadium and oxygen orbital-projected density of states for (D) a-V,0s,

(E) {-V,04 and (F) §'-V,0,.

(except y'-V,0x) is around or below 650 meV, suggesting their
viability as cathode materials.

5.3.3. Cation Diffusion Pathways in V,0s Polymorphs.
Table 1 indicates that minor changes in coordination framework
of the polymorphs can give rise to substantial changes in the
diffusion barrier.”” Figure 5 illustrates the change in the local
coordination environment of intercalated cations in four poly-
morphs of V,05, namely, a-V,0;, ¥'-V,0;5, {-V,04, and p'-V,0;.
In a-V,0s, the migration of the intercalating cation occurs
across the layers of staggered 1D chains of oxygen atoms along
the crystallographic b direction. Notably, the change in coor-
dination environment is 8 — 3 — 8 along oxygen coordinated
sites with the cation resident in a trigonal planar environment in
its transition state.”*''” The large diffusion barrier can be attrib-
uted to the large change in coordination number and suboptimal
coordination environment of the cation in the spatially constrained
transition state. In contrast, several of the metastable polymorphs
offer much more spacious transition states, and cation diffusion
is accompanied by smaller alterations of coordination number,
as illustrated in Figure 3 and delineated in Table 1, giving rise to
substantially lower diffusion barriers. A major advantage of

metastable compounds is thus the ability to access a variety of
conduction pathways for intercalated ions, which can sub-
stantially alter the kinetics of diffusion.

5.4. Electronic Structure Differences between V,0q
Polymorphs. The varying V—O connectivity profoundly changes
the electronic structure of V,0;5 polymorphs; altering the energy
dispersion of conduction band states and varying the band gap
provides a means to tune electron transport and further makes
available a variety of semiconductors with tunable separations
between valence and conduction band edges. The electronic
structure of the polymorphs has substantial implications for
intercalation chemistry given the oftentimes coupled nature of
electron and ion diffusion (observed by the creation of small polar-
ons and the self-trapping of small polarons by Li-ions).' "'

In a-V,O;, the localization of electrons on V 3d,, orbitals and
the subsequent structural relaxation of the V—O lattice phonon
mode upon lithiation create a small polaron that traps the
diffusing Li ions and hampers their facile diffusion."'® There is a
growing realization that the electronic structure plays an
important role in the electronically coupled diffusion of a cation
through the lattice.”>'**"*° Figure 6 contrasts the total density
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of states (DOS) and the atom-projected density of states
(PDOS) of several selected polymorphs of V, 0O, illustrating the
substantial implications of altered atomistic connectivity on the
electronic structure. In all depicted polymorphs of V,0;, the
valence band is predominantly derived from O 2p states, whereas
the conduction band is primarily vanadium 3d in m‘igin.m’122
On careful observation, the conduction band can be roughly sep-
arated into t,, and e, states. The lower energy t,, states cor-
respond to V 3d,, 3d.., and 3d,, orbitals engaged in 7-overlap
with O 2p orbitals, whereas higher energy e, states have contri-
butions from V 3d,” and Sdf_f engaged in head-on o-overlap
with O 2p orbitals. In @-V,05, owing to the distortion of the
vanadium coordination from a perfect octahedron, a non-
bonding split-off band V 3d,, band is formed below the rest of
the conduction band. Early transition metals tend to have
narrow 3d bands, as is the case in V205.71’73’ms The localization
of charge in such narrow bands has a deleterious influence on
electronic transport properties and further impedes ion trans-
port through self-trapping of ions by small polarons."l’“s
In sharp contrast, {-V,04 crystallizes in a lower symmetry
structure with reduced structural dimensionality and has three
distinct vanadium-centered polyhedra (two crystallographically
inequivalent octahedra and one square pyramid). In -V,0;,
degenerate V 3d,, and V 3d,, orbital character is observed at the
conduction band edge (Figure 6B). The broader energy dis-
persion of bands and the inclusion of the previously split-off
states within the conduction band yield a lower band gap poly-
morph with considerably greater covalent character of V—O bonds;
as such, it substantially mitigates polaronic se]f-tralzping,ﬂ’n which
is evidenced experimentally by the improved Li- as well as Mg-ion
diffusion in £-V,04">* as compared with @-V,05.'"*'** Unlike
a-V,0;, which undergoes several phase transitions upon lithi-
ation as a result of gaps in miscibility,"**'*® the rigid 3D tunnel-
structured framework is preserved across a wide range of Li- and
Mg-ioninsertion in {-V,05,"*'” yielding alarge solid solution range
with minimal volume expansion (<29%).”>”*

Similar to the a-V,0; structure, the double-layered §’-V,04
phase (and similar polymorphs such as £'-V,0; and p’-V,0;)
has a sharp split-off conduction band that is primarily V 3d,, in
origin (Figure 6C).”" The presence of split-off band, despite
having two nonequivalent V sites, suggests the possibility of
periodic charge ordering when the structure is distorted. As a
result of stronger V=O bonding in the double-layered
frameworks, §-V,O; further shows increased covalency of
V—0O connectivity, which reduces the extent to which the inter-
calated cations are bonded to the anionic framework. It is clear
from this limited comparison that the electronic structure of
V,0O; polymorphs is delicately sensitive to the connectivity of
V-0 polymorphs, allowing for considerable tunability of effec-
tive orbital overlap and thus ionic/covalent character.

As detailed in recent work examining the mechanism of
Mg-ion diffusion within £-V,05,”% ionic diffusion of the inserted
cation and electronic diffusion of the localized electron/phonon
(polaron) pair are inextricably coupled.”® Importantly, the ener-
getic barrier arising from this concerted diffusion is exacerbated
when considering the diffusion of divalent cations, which requires
the concomitant diffusion of two polarons. Perhaps a more
compelling and broad conclusion that emerges is that when
designing multivalent-ion cathode materials, consideration of
ionic diffusion alone is insufficient.”” Additional attention to
mitigating small polaron formation and the resulting self-trapping
of intercalated cations is of great importance, particularly in early
first-row transition metals with narrow 3d bands. Careful selection

of metastable polymorphs allows for considerable tunability of
electronic structure and by means of the available bonding
motifs provides a valuable tool for potentially mitigating such
problems. In other words, metastable materials provide oppor-
tunities to modulate the electronic structure and relative ionicity/
covalency of cathode materials (in addition to defining different
diffusion pathways),” which can greatly modify interactions with
intercalated cations.

6. SIZE-DEPENDENT PHASE DIAGRAMS OF
TRANSITION-METAL OXIDES: COMPARING AND
CONTRASTING HfO, AND ZrO,

Scaling materials to nanoscale dimensions holds opportunities
for modifying phase diagrams and accessing metastable poly-
morphs; the size dependence of relative phase stabilities is derived
from the increased importance of surface free-energy terms at
these dimensions. At nanoscale dimensions, surface free-energy
terms, scaling as a function of surface area, can counteract bulk
free-energy differentials and enable the stabilization of unusual
structural motifs.”'>*~'*® These conditions thereby correspond
to constrained equilibrium rather than kinetic trapping. In other
words, size can be considered to be an axis along a free-energy
landscape, such as plotted in Figure 1, wherein the relative
stabilities of different polymorphs are altered. The stabilization
of the tetragonal polymorph of HfO, is of immense techno-
logical importance given the predicted high dielectric constant
of this phase”®'*” but has proven to be much more synthetically
challenging in comparison with the stabilization of tetragonal
ZrO,, which is structurally similar and is characterized by an
analogous sequence of phase transformations. Indeed, HfO, and
ZrQ, are often denoted as “twin metal oxides” given the close
parallels in their chemical reactivities and physical properties.
The similarities between the two metal oxides derive from the
almost identical ionic radii of tetravalent hafnium (0.78 A) and
zirconium ions (0.79 A), which is a result of lanthanide
contraction.'” However, whereas the tetragonal phase of ZrO,
can be readily accessed below a critical size of 30 nm,*"*"'* the
stabilization of tetragonal HfO, has proven to be a considerably
greater synthetic cha]lenge.53’54

6.1. HfO, Polymorphs, their Crystallographic Relation-
ships, and Comparisons to ZrO,. At room temperature, bulk
HfO, crystallizes in a monodlinic (P2,/c) lattice.">° With
increasing temperature (variously pegged at 1670—1720 °C for
HfO,), a Martensitic phase transformation from the monoclinic
to the tetragonal (P4,/nmc) phase is observed. A further increase
in temperature to ca. 2200 °C brings about a diffusionless
tetragonal — cubic (Fm3m) phase transformation; the cubic
structure is retained until HfO, is congruently melted at
2810 °C."**"*"132 Unit cells for these three thermally accessible
phases of HfO, are depicted in Figure 7. Video 1 depicts the
sequence of atomic displacements that bring about the phase
transformations. The monoclinic crystal structure of HfO, is
characterized by tetravalent hafnium-cations ensconced within
seven-coordinated sites. The monoclinic to tetragonal phase trans-
ition involves a 9° shear of the unit cell and a volume expansion
of 2.7% for HfO, (compared to ca. 4.5%"° for Z10,)."*>"**
Both phases further have a number of twin variants allowing for
manifestation of ferroelastic domains that can further self-
organize into giariodic patterns upon dimensional confinement
or strain,'>> "%’

In the tetragonal unit cell of HfO, (and ZrO,), the tetravalent
metal ions are ensconced within eight-coordinated environ-
ments comprising four oxygen atoms in close proximity to the
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Orthorhombic-l [100]
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Figure 7. Unit cells of (A) monoclinic, (B) tetragonal, (C) cubic, (D)
orthorhombsic-1, and (E) orthorhombic-II phases of HfO,. The arrows
in panel A depict the atomic displacements necessary to transform to
the tetragonal phase in panel B. Hafnium atoms are represented as gold
spheres, whereas oxygen atoms are shown as red spheres (see also
Video 1).

metal atom at a separation of 2.09 A and four atoms slightly fur-
ther away at a distance of 2.31 A, defining two distinct tetrahedra
around the metal atom. During the symmetry-raising mono-
clinic — tetragonal phase transition, the oxide ions are displaced
along the (001) direction as a result of close O—O contacts,
creating a tetragonal distortion”® with a ¢/a ratio of 1.025."**

The stabilization of tetragonal HfO, has proven to be a much
greater synthetic challenge owing to the increased differential in
thermodynamic stabilization between the monoclinic and tetrag-
onal phases, as depicted in Table 2 (the tetragonal phase of ZrO, is
stabilized at 1170 °C, whereas stabilization of tetragonal HfO,
requires temperatures of 1680—1720 °C)."**'* The differ-
ential in bulk free energy between the monoclinic and tetragonal
phases is estimated to be 196 meV for HfO, as compared with
140 meV for ZrO,. The smaller volume expansion for HfO, also
brings about a more facile reversion to the monoclinic phase
upon cooling, which further renders kinetic trapping of the
metastable polymorph more difficult.'>

The eight-coordinate cubic Fm3m phase of ZrO, has a unit-
cell parameter of 5.15 A and has not thus far been stabilized at
room temperature without the incorporation of dopant atoms.
Cubic ZrO, (and for that matter HfO, ) can be stabilized at room
temperature through aliovalent incorporation of divalent or
trivalent dopants such as Y**, Sc**, V**, and Ca**. These dopants
introduce oxygen vacancies, which thereby allow for Zr atoms to
be seven-coordinated while allowing for crystallization in a
higher symmetry cubic space group on a\rerage.l43’l44 Indeed,
cubic ZrQ, incorporating aliovalent dopants such as Y3, Sc*,
or Ca’* is known to be an excellent solid-state electrolyte at

high temperatures owing to the facile diffusion of oxygen
vacancies.

Analogous to the temperature-variant phase stability diagram,
a pressure-variant phase diagram can be mapped and indeed
yields two noncentrosymmetric oxygen-deficient orthorhombic
phases of HfO, (and ZrO,). An orthorhombic-I (O1, space
group Pbca) is stabilized above 4.3 GPa, and an orthorhombic-II
(02, space group Pnma) phase is stabilized at a pressure above
14.5 GPa (Figure 7D,E).°*'* These pressure-induced trans-
formations are also theorized to be diffusionless transitions and
result from displacive unit-cell distortions,**">*'4¢

6.2. Implications of Polymorphism for Functional
Properties. The rich phase diagrams of HfO, and ZrO,,
tunable as a function of temperature, pressure, and point defects,
along with the facile accessibility of several polar variants for the
low-symmetry polymorphs, have inspired extensive investiga-
tions of the properties of these materials. Two important impli-
cations of this rich phase diagram are transformation toughening
and shape memory behavior, which hold promise for realizing
unprecedented mechanical properties in ceramic materials that
tend to otherwise be rather brittle. Because ferroelastic prop-
erties have been observed in the monoclinic structure of ZrO, as
a result of the stabilization of nanotwinned domains, it has been
posited that the tetragonal structure may display superelastic
properties."*” Upon application of stress to the tetragonal struc-
ture, it undergoes a phase change to the monoclinic structure,
followed by domain switching through ferroelastic domain wall
movement, thereby allowing for multiple means of energy
dissipation before plastic deformation.

In addition, considerable attention has focused on the utiliz-
ation of the high dielectric constant of HfO, polymorphs
stemming from their soft phonon modes and high Born effective
charge tensors.”® The phonon dispersion and extent of covalency
of metal—oxygen bonds are determined by the metal—oxygen
connectivity in HfQO, and ZrQ,, which thus plays an important
role in determining the dielectric constant. As noted above, first-
principles calculations predict a dielectric constant of 70 for
tetragonal HfO,”® in comparison with 18 for the thermodynami-
cally stable monodlinic phase.'** The interest in new dielectric
materials arises from the fundamental limitations of Si0O, dielec-
trics. Whereas SiO, dielectrics are entirely compatible with Si
active elements, SiO, has a dielectric constant of only ca. 3.5."*’
Because C varies with the area (A), thickness (d), and dielectric
strength (k) as C = kA/d to preserve the same value of capac-
itance while aggressively scaling areal dimensions of the device,
the dielectric constant must be increased or the thickness of the
dielectric layer has to be decreased. The latter approach is
severely constrained by enhanced leakage currents that result in
increased power consumption. Consequently, higher dielectric
constant materials have emerged as an urgent imperative, and
indeed the development of amorphous HfO, dielectrics and
their integration onto Si mark a key milestone that has enabled
the continued scaling of device dimensions.””'* The high
predicted dielectric constant of the tetragonal phase of HfO,

Table 2. Calculated Differentials in Bulk and Surface Energies between the Monoclinic and Tetragonal Phases of HfO, and

ZI'Ozlwa
tetragonal—monoclinic volume difference in surface energy between monoclinic and difference in bulk energy between monodinic and
transition temperature  expansion tetragonal phases (m]/m’) tetragonal phases (meV)
oxide (°Cc) (%) Ut airic = AU utcesetrag (AGy i mosodinic — AGpu
HFO 1680123139141 27133134 —24610 19614
N .
Zr0, 1170'28139 ca. 4.0'% —225'40 140'%
“Data reprinted with permission from ref 135. Copyright 2014 American Chemical Society.
K DOL: 10.1021/acs. jpec Bb04622
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holds tantalizing promise for further reducing power con-
sumption in electronic devices, but rather inconveniently, this
phase is a high-temperature phase stable only above 1670 °C in
the bulk.

The orthorhombic phases of HfO, and ZrO, (Figure 7D,E)
have attracted considerable interest owing to the recent observed
manifestation of ferroelectricity in these binary oxides.'*® Because
such materials can be accessed by modifications to well-established
atomic layer deposition methods, they hold great promise for the
realization of novel devices such as neuromorphic memresistors
underpinned by switching between energetically proximate
metastable polymorphs. In addition to pressure, such phases can
be stabilized in thin film form using strain effects as well as
through the incorporation of dopants.*>**'%° Indeed, the
utilization of high-throughput first-principles DFT calculations
to examine the influence of different dopants on the Hf—O
phase diagram represents an excellent example of a computa-
tionally guided exploration targeting stabilization of a metastable
polymorph.63,64,] 50

6.3. Stabilizing Tetragonal HfO, through Dimensional
Confinement. Despite the rich phase diagrams of HfO, and
ZrQ,, the high temperatures have thus far precluded detailed
experimental evaluation of the mechanisms underpinning the
phase transitions. Most of the available information is derived
from theoretical calculations of deformations, bond stretching,
and putative displacement pathways that, however, remain to be
experimentally validated (or refuted)."”*"'*" One mechanism for
stabilizing tetragonal HfQ, well below its equilibrium transition
temperature of 1670 °C involves modification of the trans-
formation mechanism through nucleation of the phase transition
at a coherent twin boundary. Indeed, we have observed that
(100) coherent twin boundaries (Figure 8) are stabilized across

Figure 8. (A) Lattice-resolved HRTEM image of an individual HfO,
nanorod. Arrows indicate the (100) twin planes. Red lines highlight the
(111) lattice fringes as they cross the twin plane. (B) Dark-field TEM
image of panel A constructed using the (111) diffraction spot.
Reprinted with permission from ref 135. Copyright 2014 American
Chemical Society.

monoclinic 1D HfO, nanorods grown by the condensation of
HfCI, and Hf( O'Bu),; these twin defects are thought to form to
alleviate strain within the crystallite upon cooling from an
incipient tetragonal phase to the monoclinic phase that is
stabilized at room temperature.” To alleviate strain generated
upon volume expansion during the phase transformation, defor-
mation and spontaneous organization of twin boundaries are
observed along the length of the crystal. Figure 8 depicts the
ferroelastic organization of twinned domains that are seen to
form “bar-code” like patterns spanning the entire diameter of a
nanorod.

The phase evolution of these nanorods upon heating has been
examined using in situ high-angle annular dark field scanning
transmission electron microscopy (HAADF STEM) measure-
ments.”" Remarkably, Figure 9 indicates that at a temperature of

ROOM 1) oC e— 0() °C
temp

Monaoclinic Unknown

Tetragonal

Figure 9. False-colored HAADF STEM images highlighting the
structural phases present in each frame. (a) Before annealing, the
nanorod is monoclinic. (b—I) Over a period of ~40 min the nanowire
converts completely from single-crystalline twinned monoclinic to
polycrystalline tetragonal hafnia with retention of the overall
morphology. Reprinted with permission from ref 54. Copyright 2017
Nature Publishing Group.

600 °C, the nucleation of a tetragonal domain is observed at a
twin boundar}:, depressed by >1000 °C from the bulk transition
temperature.””> The sequence of images in Figure 9 further
indicates the propagation of a transformation dislocation across
the nanorod, with conservation of a one-to-one lattice corre-
spondence across a phase boundary; the nanorod is entirely
transformed to the tetragonal phase after 60 min. The thermo-
dynamic underpinnings of the depression of the phase trans-
formation temperature are discussed in a subsequent section,
but clearly extended defects and size combine in this case to
facilitate the stabilization of the tetragonal polymorph at a much
lower temperature as compared with the bulk.

As noted above, conventional ceramic processing routes
impart an excess of energy to a material, thereby enabling it to
descend toward equilibrium along a free-energy landscape (such
as plotted in Figure 1) without being trapped in metastable
states. In contrast, solution-phase synthesis routes have the
potential to carefully “deposit” the material in a local minimum
based on structural similarities with precursors and specific
peculiarities of the nucleation and growth process. Establishing
dimensional confinement utilizing solution-phase colloidal syn-
thesis provides a means to access specific parts of the energy
landscape without a large excess of energy. In colloidal nano-
particle synthesis, kinetic parameters can be controlled by tem-
perature and precursor diffusion coefficients and by matching
precursor reactivities. Rapid crystallization methods can be used
to promote the stabilization of metastable structures (avoiding
very high supersaturation, which oftentimes yields amorphous
products). Slower crystallization, in turn, enables precise control
of nanocrystal size.
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Figure 10. Size dependence of crystal structure of HfO, nanocrystals prepared by a nonhydrolytic condensation approach. The tetragonal phase of
HfOQ, is stabilized below a critical size of 3.6 to 3.8 nm. The top right inset depicts an atomically resolved electron microscopy image of an individual
tetragonal HfO, particle, whereas the top left and bottom right insets depict HRTEM images of monoclinic and tetragonal HfO, nanocrystals,
respectively. Reprinted and adapted with permission from ref 53. Copyright 2016 The Royal Society of Chemistry.

Nonhydrolytic sol—gel syntheses represent a useful palette of
“soft chemistry” synthetic routes and have afforded considerable
control over particle size and composition, allowing for the
synthesis of well-defined HfO,, ZrO,, as well as solid-solution
Hf Zr,_ O, nanocrystals."”*"*""'>* In this approach, oxo link-
ages are created as a result of the condensation reaction between
a metal halide and a metal alkoxide with the elimination of an
3.“(,'1 ha]ide as Per128,131,152,153

=M—X + =M—0—R - =M—0—M= + R—X

(2)
The condensation reaction is believed to involve coordination of
the metal center of the halide to the oxygen atom of the metal
alkoxide, followed by nucleophilic attack of the R-group by the
halide and the elimination of an alkyl halide in an Sy'-type
fashion.””">*'** Typically tri-n-octylphosphine oxide (TOPO)
is used as the surface-passivating ligand for obtaining nano-
crystals that are monodisperse, although recent 3'P nuclear
magnetic resonance studies suggest that the protonated form of
TOPO, hydroxyl-tri-n-octylphosphonium, [HO-PR,]*, is tightly
bound to the nanocrystal surfaces along with di-n-octylphos-
phinate and P,P’-(di-n-octyl) pyrophosphonate.'*® Recognizin:
that the condensation reaction proceeds through an Sy
mechanism, the electronic and steric substituent effects of the
alkyl chain of the alkoxide precursor are seen to have a significant
influence on the reactivity of the precursor in the condensation
reaction and can thus substantially impact the kinetics of crystal
growth, the eventual morpholo%y, and even the crystal structure
of the nanocrystalline products.'*'*> When two different metal
precursors are reacted, the condensation rate is strongly
influenced by the reactivity of each precursor, which allows for
substantial control over the relative stoichiometry of metals
incorporated within solid-solution products of a heteroconden-
sation reaction'**"*

mMX, + nM'(OR),, = M, M’,0,,, + nmRX 3)

The incorporation of a less reactive precursor (e.g., Ce(O'Bu),
or La(O'Pr);) in conjunction with HfCl, and Hf(O'Bu), greatly

retards the kinetics of the homocondensation reaction. Con-
straining the growth kinetics yields HfO, nanocrystals with
ultrasmall dimensions, thereby enabling a detailed evaluation of
the size dependence of the phase diagram of HfO,. Figure 10
indicates that the critical size for stabilization of tetragonal HfO,
is ca. 3.6 nm, substantially reduced from the 30 nm threshold
value generally stated for ZrO,.** In other words, by providing
access to monodisperse nanocrystals with tunable dimensions,
this synthetic approach provides a means to systematically eval-
uate the balance between surface energy and bulk free energy as
a function of particle size. At ultrasmall dimensions, the
tetragonal phase of HfO, can thus indeed be stabilized under
ambient temperature and pressure conditions.

6.4. Account of Thermodynamic Considerations
Determining Phase Stabilization in HfO,. It was in 1965
that Garvie and coworkers first reported that the tetragonal
phase of ZrO, can be stabilized below a certain critical particle
size (variously estimated to be 15—30 nm) as a result of surface
energy considerations.””""'"*"**" Table 2 shows that the mono-
clinic phase of ZrO, is 5.5 kJ/mol more stable in terms of bulk
enthalpy as compared with the tetragonal phase; however, the
surface energy of the tetragonal phase is 225 mJ/m” lower than
that of the monodlinic phase.”**'>” Below a critical size, the
tetragonal phase is thus stabilized at room temperature as a
result of increased surface energy contributions. Examples of the
stabilization of tetragonal ZrQ, have been well documented for
bulk ceramics and thin films; however, the stabilization of
tetragonal HfO, has proven to be much more difficult.**"*'*!
The primary origin of this challenge is the greater differential of
buk free energies (AG), almost 40% greater for HfO, as
compared with ZrO, (Table 2)."**"*%'*! A full account of the
different energy terms involved in the phase transformation is
warranted to understand the pronounced size dependence of the
phase stability. The change in free energy for a monoclinic—
tetragonal transformation can be separated into the following
components'*®

c C M T M T
AGy .t =Gy — Gy + Usg — Usp + U — Ug (4)
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where G is the chemical free energy, Ugg represents the strain
energy, Uy is the surface energy, and the superscripts M and T
denote the tetragonal and monoclinic phases, respectively.'””
At room temperature, the AG® value will be strongly positive
given the 196 meV differential (Table 2), which favors retention
of the thermodynamically stable monoclinic phase. Indeed, even
at a temperature of 600 °C, the AG® value will be strongly
positive in the bulk, favoring retention of the monoclinic phase.
Nevertheless, it is clear from Figure 9 that AGy,_,7 < 0at 600 °C
for the twinned nanorods given the observation of a monoclinic
— tetragonal transition; indeed, this implies that the surface and
strain energy differentials must be of a sufficient magnitude to
overcome the highly positive chemical free-energy differential.
It is these two parameters that thus underpin suppression of the
transition temperature by almost 1000 °C. The AUg surface
energy term can be written for a spherical particle as

6(rr — &)
D (5)

where the y terms represent the interfacial surface energies, D is
the diameter of the particle, and g, = Ay;/ Ar, which describes the
ratio of the interfacial surface areas.”’ Equation 5 describes the
pronounced size dependence of the surface energy term and
shows that the smaller the size of the particle, the higher the
numerical value of the surface energy differential. The specific
numerical values of the y terms will influence the sign of the
AU term. Ramprasad and coworkers have shown from first-
principles DFT calculations that the surface energies of the
lowest-energy (110) and (001) lattice planes of HfO, govern the
relative phase stabilities at finite dimensions. Calculated values
for (110) and (001) planes of monoclinic HfO, are 1.38 and
1.51 J m™? respectively, whereas the corresponding values for
the tetragonal planes are 1.08 and 1.21 ] m™?, respectively. As a
result, the AU~ term is negative, with the diameter serving as
aweighting factor.! *€ This analysis thus illustrates the key role of
particle size in counteracting the strongly positive AG®value and
indeed is the origin of the stabilization of the tetragonal phase at
room temperature upon scaling to ultrasmall dimensions evi-
denced in Figure 10.

The second term that impacts the transition temperature is
the AUgg strain energy term. This term can be attributed to the
twin planes of the nanorods, where in Figure 8 the compensation
of the transformation strain across the nanorod is alleviated by
the plastic deformation induced by the twin planes during
synthesis. The energy stored within the twin planes is dissipated
during the transformation from monoclinic to tetragonal, thus
implying AUSE"T < 0, further working in the opposite direction
from the positive AG® differential imposed by the bulk free
energy. Lange and coworkers have deduced a size-dependent
expression for twin boundaries as per'””

AUSN[—rT -

6y . g
AUSBE_*T - _ Yewin® twin
D (6)
where ¥y, is the twinning energy per unit area and g, is a

i;“, where A, is the total
area of the twin boundaries. As seen in Figure 9, the twin planes
serve as a nucleation point within the nanorod, which corre-
sponds to a high-energy region of the energy landscape. A high
local density of twin domains within a small particle size thereby
renders AUYS T strongly negative and further contributes to the
depression of the transition temperature. Defects and dimen-
sional confinement thus provide additional degrees of freedom

dimensionless quantity expressed as

beyond dopant incorporation and strain/pressure to access
metastable polymorphs.

7. CONCLUSIONS AND OUTLOOK

In this Feature Article, we have sought to highlight several
aspects of a richly diverse emerging area of the chemical sciences,
periodic solids away from equilibrium. A fundamental thesis
underpinning the exploration of metastability is that composi-
tion does not result in structural destiny—that structure can be
controlled independently from composition. Metastable phase
space thus holds opportunities for unprecedented tuning of
properties and functionality based on the exploration of multiple
structural variations for the same composition. Improved under-
standing of metastability will enable a fundamental re-evaluation
of canonical chemical concepts such as allowed and preferred
oxidation states, coordination geometries, and the nature of
chemical bonding, many of which are thus far informed greatly
by equilibrium ideas.

Several of the governing principles and synthetic strategies
underpinning stabilization of metastable compounds have been
outlined, emphasizing the need to traverse energy landscapes with
synthetic methods that can carefully deposit materials within local
minima or transformation pathways that take materials across
specific trajectories. Dopants, defects, interfaces, dimensional
confinement, and strain/pressure can modify the landscapes and
trajectories and thus facilitate stabilization of metastable
polymorphs. Topochemical modification, dimensional confine-
ment (typically to sub-10 nm dimensions), pressure (mechan-
ical or chemical), and templated methods can provide access to
wide range of metastable polymorphs with an abiding guiding
principle being the stabilization of a compound under a con-
straint (temperature, pressure, chemical potential), where it
represents the most energetically stable species, followed by the
removal of the constraint to “trap” the material under ambient
conditions.” What is urgently required is a clear framework for
the predictive design, synthesis, and evaluation of the properties
of metastable compounds. Such a framework requires addressing
issues spanning the range from predictive design rules for iden-
tifying viable metastable polymorphs to a toolset of synthetic
methods for preparing such structures, a clear understanding of
the relative positioning of polymorphs along energy landscapes,
and a fundamental understanding of chemical bonding and
structural motifs that result in excursions away from the thermo-
dynamic minimum. The stabilization of an expanded palette of
HfO, and V,0; polymorphs provides illustrative examples of
both synthetic strategies as well as mechanistic elucidation of
transformations and unprecedented functionality.**>%7>7*
Novel metastable polymorphs have enabled unprecedented
function inaccessible within thermodynamic minima such as
promising reversible intercalation of Mg-ions ((:-vzos),“ com-
bination of a high dielectric constant and a large band gap
(tetragonal HfO,), and unprecedented ferroelectric behavior
(orthorhombic HfO,).

The close integration of theory and experiment is imperative
to transcend longstanding chemical bottlenecks in the pre-
diction, rationalization, and realization of new chemical com-
pounds outside of global thermodynamic minima. Efficient com-
putational mapping of energy landscapes requires the development
of reliable sampling and interpolation methods and further must
be benchmarked to experimental observations of changes in the
atomistic and geometric structure underpinning transformations
between polymorphs. The spatial and temporal resolution to
study such phase transformations is now accessible based on
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methods such as HAADF STEM imaging, dynamical TEM
imaging, ultrafast XUV measurements of phonon dynamics, and
ultrafast X-ray absorption spectroscopy measurements. The
predictive design of metastable structures will further provide
new opportunities for emergent function in areas such as
catalysis and energy storage that most often require function
under conditions far from equilibrium.
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Video 1, which depicts the sequence of atomic displacements
that bring about the phase transformations in HfO,, in AVI
format is available in the online version of the paper.
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