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ABSTRACT: Oxide phases with a cation-disordered, cubic rock salt structure that
can be prepared by mechanosynthesis include Li2TiO3, Li2MnO3, Li3NbO4, and a
new polymorph of LiAlO2. They are all metastable and transform irreversibly to
thermodynamically stable ordered structures on heating. Li2TiO3, Li2MnO3, and
Li3NbO4 form cubic solid solutions by doping with LiF; depending on the
composition, they may be stable or metastable thermodynamically. Factors that
control the thermodynamic and kinetic stability of phases and their synthesis
conditions are reviewed.

■ INTRODUCTION

Thermodynamic and Kinetic Considerations. The
methods used to synthesize materials, especially new materials,
require an understanding of both thermodynamic and kinetic
factors. High-temperature solid-state reaction usually leads to
products that are thermodynamically stable, although reaction
rates may be slow, depending on conditions, especially
temperature. Low-temperature syntheses are important for
several reasons, including a reduction in energy costs and also
because a wide range of thermodynamically metastable
materials and structures may be produced that cannot be
prepared, or would decompose, at higher temperatures.
The methods that are used to synthesize solid-state materials

and their subsequent stabilities are governed by a combination
of thermodynamic and kinetic factors. Thermodynamically
stable materials are those that have the lowest free energy for a
given set of conditions, particularly temperature and pressure.
All other materials that have the same composition but
different structures are metastable under the same conditions.
Kinetically stable materials are those that do not readily
transform into a more stable structure because they have
insufficient energy to overcome a particular activation energy
barrier. This activation barrier confers metastability on the
kinetically stable compositions or structures.
Equilibrium phase diagrams (if they are known) give no

information on kinetics of formation or reaction rates but
summarize the range of conditions, especially temperature,
over which particular phases are thermodynamically stable or
whether they should, in principle, decompose to give
product(s) of lower free energy. They give information on
phase stoichiometries and whether they are fixed or variable
over certain composition or temperature ranges; they also
show melting behavior, whether congruent or incongruent, and

whether phases undergo temperature-dependent, reversible,
polymorphic phase transitions.
All reactions, whether the products are stable or metastable,

proceed in the direction of a reduction in overall free energy.
This means that the free energy of a starting reaction mixture,
ΔGR, must be higher than that of reaction products, as shown
schematically in Figure 1 for a metastable product ΔGA or a
stable product ΔGB. The reaction pathway that is followed
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Figure 1. Schematic free energies of starting reagents, ΔGR, and
possible reaction products, ΔGA and ΔGB, with activation energies for
reactions or transformations, EA, EB, and EC. The reactant free energy
can be raised by BM and PBM, giving a reduced activation energy, ED.
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preferentially is the one that has the lowest activation barrier,
EA, rather than the one, EB, that gives a product with lower free
energy, ΔGB. Frequently, reactions occur in stages, often
referred to as Ostwald’s law of successive reactions,1 in which
intermediate, metastable phases form before the final,
thermodynamically stable product. In Figure 1, product A is
metastable and should transform subsequently to B, but in
order to do so the activation barrier EC must be overcome
which affects the rate and conditions for the transformation
from A to B. The choice of starting materials and perceived
reaction pathway are vital considerations, even though
appropriate thermodynamic data on free energies of formation
and kinetic data on activation energies are rarely available.
For a given set of reactants, the magnitude of the activation

barrier to form the products, EA or EB, is greatly influenced by
possible structural similarities between reactants and products.
In cases where there is good 2D structural similarity between
the product and one of the reactants, with matching lattice
dimensions in certain orientations, epitactic reactions may
occur in which oriented growth of the product occurs on the
surface of the reactant. This is because structural similarities
between the reactant and the product at this interface greatly
reduce the activation energy to nucleate the product. In cases
that have a 3D structural similarity, topotactic reactions may
occur, such as ion-exchange reactions in layered clay mineral
structures. The 3D structural framework is unchanged during
ion exchange, and although the overall composition changes
during the reaction, the activation energy is low because
nucleation stages are avoided.
Activation energies can also be reduced by injecting energy

into reactants to raise their free energies, ΔGR, as shown
schematically for ball-milled, BM, and planetary ball-milled,
PBM reactants in Figure 1, leading to a reduced activation
energy, ED. A common feature of many solid-state syntheses is
the BM of reactants to reduce their particle size, increase the
overall particle surface area, bring more reactant particles into
contact, and thereby increase rates of nucleation. Solid-state
reactions are surface-controlled during nucleation; the
subsequent growth stages involve counter-diffusion of ions
across interfaces and through products. With reduced particle
sizes, diffusion distances are reduced which has the effect of
increasing reaction rates. Consequently, it is possible to
identify several effects of BM and PBM on reaction rates: (i)
increased surface area of reactants, (ii) reduced diffusion
distances, and (iii) activation of reactants by absorption of
mechanical energy. The absorption of mechanical energy is,
however, difficult to characterize and quantify. It is different
from the absorption of thermal energy associated with the
increase in temperature, but it also leads to increases in defect
structures, vibrational energy, disorder, and entropy.
A fourth related factor is that the free energy of surfaces is

generally higher than that of bulk crystal interiors because ions
are in irregular or incomplete coordination environments at
surfaces and often are not fully stabilized. This leads to a
balance between the free energies of surfaces and the bulk, or
product interiors, and to the well-established concept of critical
size of nuclei. For nuclei of critical size, their surface free
energy equals that of their bulk free energy. A reduction in the
overall free energy can be achieved either by growth of the
nuclei, in which the total surface area and surface free energy
decrease as the bulk free energy increases, or by dissolution of
the nuclei and the loss of their positive free energy of
formation to the surrounding medium of lower free energy. An

additional effect of ball-milling is therefore to raise the total
surface area and free energy of reactants. Conventional BM can
reduce particle sizes to micron-sized dimensions. High-energy
PBM is able to reduce particle sizes even further, as well as
giving reactants, transition states, and subsequent products,
that may have amorphous or highly defective structures.
Although Figure 1 shows products A and B that have lower

free energy than reactants or reactant mixtures, it is possible to
carry out the reverse process by providing an additional source
of energy to obtain a metastable product from stable starting
materials. Many examples are known of the de-intercalation of
cathode materials during charging of lithium-ion batteries. For
instance, during charging of the thermodynamically stable
LiCoO2 cathode, Li

+ ions are de-intercalated and some Co3+

ions are ionized to give Co4+ in Li1−xCoO2. The structural
integrity of the layered rock salt structure is retained, and
although the product is kinetically stable under battery
operating conditions, it is only metastable thermodynamically.
Effectively, the de-intercalation reaction is driven uphill to a
state of higher free energy, Figure 2.

The driving force for deintercalation comes from application
of the charging voltage. Electrochemical redox reactions have
an open-circuit voltage, OCV, which is related to the reaction
free energy, ΔG°, by ΔG° = −nFE°, where n is the number of
electrons transferred, F is the Faraday constant, and E° is the
cell OCV under standard conditions. To charge a battery,
application of a voltage somewhat in excess of E° is required,
and this gives a product with higher free energy, as shown
schematically in Figure 2; the reaction is reversed during
subsequent discharge.
A wide range of low temperatures or “chimie douce” routes

for materials synthesis have been studied. Many involve, as a
first step, the homogenization of reaction starting materials to
give either a single-phase liquid solution or a precursor phase
that has elements in the same ratio as in the desired products.
This homogenization, which is typically what happens in sol−
gel reactions, brings all reactants into contact at the atomic
scale and avoids the long-range diffusion processes that are the
main rate-limiting factor associated with the solid-state
reaction of powder mixtures. While a liquid solution is usually
thermodynamically stable, this certainly may not be the case
once the solvent has been removed to leave (hypothetically) a
residue that is often disordered, poorly crystalline, or
amorphous. Such a residue has high free energy, similar in
principle to the early stages of PBM, Figure 1, and is able to
react rapidly, with a reduced activation energy. The reaction

Figure 2. Schematic free energy change during charging the LiCoO2

lithium-battery cathode.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.3c01080
Chem. Mater. 2023, 35, 6790−6798

6791

https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01080?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01080?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01080?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01080?fig=fig2&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c01080?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


often involves crystallization of a product that often has the
same composition and, by avoiding the necessity for long-
range diffusion, this reduces the activation energy for reaction.
The enthalpy of formation of the crystalline product is, of
course, the main driving force, since energy is released by the
gain in lattice energy on crystallization of the product, but
frequently metastable phases are produced by these low-
temperature and low-activation energy chimie douce methods.
In addition to enthalpy changes, a second factor that

influences reaction pathways and kinetics is the entropy of
reactants, reaction intermediates, and products. The presence
of disorder in a crystalline product may increase its free energy
of formation, ΔGf, through increased (positive) configurational
entropy, S, in the equation ΔGf = ΔHf − TΔS. High-entropy
materials, such as cation-disordered rock salt structures, are
stabilized, often thermodynamically, by their high positive
entropy which contributes, via the term −TΔS, to a negative
ΔGf. If both a negative ΔH and a positive ΔS contribute to a
reduction in ΔG, formation of the product is clearly favorable
thermodynamically. In other cases, ΔH associated with the
introduction of structural disorder may be positive, but ΔG is
lowered if the entropy term more than offsets the positive
enthalpy term. It is important to try and distinguish, at least
qualitatively, products that are thermodynamically stable from
those that are “entropy-stabilized” but only metastable.
Entropy may also act to reduce activation energies of

formation since intermediates or transition states in a reaction
pathway may possess various amounts of disorder which act to
reduce their free energy. This indicates why, under appropriate
conditions and for two reasons, it is often possible to
synthesize materials by low-temperature methods that are
metastable and cannot be prepared by high-temperature
processes: first, the free energy of the activated starting
materials is raised and second the free energy of the transition
state is reduced. A schematic example shown in Figure 3

compares the free-energy changes involved in the (a) solid-
state reaction of starting materials in their “ground state” to
form a thermodynamically stable product and (b) mechano-
synthesis (MS) or chimie douce of “activated” starting
materials, to give a product that may be thermodynamically
metastable relative to both the ground state starting materials
and an alternative, thermodynamically stable product. The
activation energy E1 is much less than E2.

Mechanochemical synthesis or MS using PBM is a method
that avoids the use of high temperatures. It is widely used in
molecular chemistry for difficult organic syntheses, under-
standing shear processes in polymer lubricants, self-healing
plastics,2−4 and main group chemistry syntheses.5 For solid-
state reactions, MS is a relatively new method for oxide
synthesis which avoids the traditional use of high temperatures
and also enables the synthesis of new materials that may not be
thermodynamically stable.6−13 It is a deceptively simple
process in which mixtures of powder reactants are subjected
to high-energy BM for extensive periods of time. The
temperature usually rises by only a few degrees above room
temperature but atomic-scale homogenization can occur to
give single-phase products. Product particle sizes are usually in
the nanometer range, giving broad XRD powder patterns, but
from which only limited structural information may be
obtained. Possible contamination of the samples by the milling
media that are used is a potential concern and needs to be
balanced against the milling conditions and mechanical
energies involved.
A variety of inorganic oxides and processes have been

prepared by MS, including BaTiO3,
6 lead magnesium niobate

and zirconate, PMN,7,8 highly porous materials,9 LaMnO3

catalyst,10 ammonia synthesis,11 metal hydrides,12 and complex
oxides.13 Organic halide perovskite solar cell materials have
been prepared by MS, and the kinetics of reaction between
PbCl2 and CH3NH3Cl analyzed using XRD data collected at
different milling times.14 This allowed parametrization of the
reaction as a function of input power supply, thereby linking
milling conditions to reaction dynamics; the method has
possible applications to other mechanically induced reactions.
Here, we report and discuss several examples of oxide-

structured materials in the cubic rock salt family produced by
MS. These are of considerable interest as possible lithium-
battery cathodes, and in one case mechanical activation has
been used as part of the preparation procedure.15 The phases
are either stable or metastable thermodynamically, and some
are entirely new. We consider the criteria for distinguishing
between thermodynamically stable and metastable products,
given that, in most cases, relevant thermodynamic data and
knowledge of the phase diagrams are incomplete or
unavailable.

■ EXPERIMENTAL SECTION

MS used various reactant combinations which are listed in Table 1.
Li2O and Li2O2 were used as-received, but before use they were
stored in desiccators to reduce possible atmospheric attack. Other
reagents were dried at certain temperatures, then cooled to room

Figure 3. Schematic free energy reaction profile for two sets of
reactions using the same reactants: (a) high-temperature solid-state
reaction and (b) MS using PBM.

Table 1. Reagent, Purity, Supplier, and Drying Temperature

reagent purity (%) supplier drying temperature (°C)

Li2O2 90 Alfa Aesar 80 (in vacuum)

Li2O 95 Aldrich 80 (in vacuum)

MnO 99 Aldrich 180

Mn2O3 99 Aldrich 600−650

Mn3O4 97 Aldrich 600

MnO2 99 Aldrich 180

Nb2O5 99 Aldrich 180

TiO 99.9 Aldrich

Ti2O3 99.9 Alfa

TiO2 99.9 Aldrich 900

Al2O3 99 Aldrich 900
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temperature, and stored in desiccators. Reaction mixtures in the range
of 1−2 g were loaded into hardened, stainless-steel jars and milled
with hardened, stainless-steel balls in a Fritsch P6 planetary ball mill
with a rotation speed of 350 rpm for 20 h. A detailed study of the
synthesis of Li2MnO3 by PBM and optimization of various
experimental factors involved will be published elsewhere.
Products were analyzed by powder X-ray powder diffraction, XRD,

using a Bruker D2 Phaser, with Cu Kα radiation (λ = 1.5418 Å) for
routine phase analysis, and particle size measurement from XRD line
broadening compared with a Si standard and a STOE-STADI PSD
with Mo Kα1 radiation (λ = 0.7093 Å) for accurate lattice parameter
determination.

■ RESULTS AND DISCUSSION

Li2TiO3. Li2TiO3 is dimorphic. It has a monoclinic, layered
rock salt structure at low temperatures16 that transforms
reversibly to a cubic, cation-disordered rock salt structure
above about 1210 °C.17 Using standard solid-state synthesis
with reaction at 800 °C, the monoclinic phase was produced,
Figure 4b. However, the cubic polymorph was prepared at

room temperature by MS, Figure 4a. It was kinetically stable
but thermodynamically metastable and transformed gradually
to the thermodynamically stable, ordered structure on heating
above about 600 °C (not shown). On further heating, it would
revert to the cubic structure above 1210 °C.
In the absence of accurate thermodynamic data on the free

energy of the two polymorphs and their temperature
dependence, it is not possible to say with certainty that the
cubic polymorph at room temperature is metastable although it
is clearly stable kinetically. However, since the order−disorder
transformation occurs reversibly around 1210 °C, it is highly
unlikely that a second, similar transformation also occurs at
lower temperatures. There are examples in the literature where
phases such as cubic, disordered Li2TiO3 prepared by chimie
douce methods are referred to as low-temperature polymorphs.
Strictly, they should be described as high-temperature
polymorphs that can also be prepared at lower temperatures
where they are kinetically stable but thermodynamically
metastable. A characteristic of such metastable phases is that
they should transform exothermically to the stable ordered
polymorph on heating, but the transformation would not be
reversible on subsequent cooling.
A useful way to represent qualitatively the relative stability of

phases and their polymorphs is a schematic free energy−

temperature profile, shown for Li2TiO3 in Figure 5. At any
temperature, the thermodynamically stable polymorph is

represented by the solid lower curve and, therefore, Li2TiO3

transforms from ordered monoclinic to disordered cubic at the
order−disorder transition temperature, TOD, 1210 °C. At still
higher temperatures, possibly 1600 °C, the cubic polymorph
melts.
The slope of each curve is related to the entropy of that

state. From G = H − TS, δG/δT = −S. Since

S S Sliq disordered structure ordered structure> >

the slopes of the three curves, Figure 5, become increasingly
negative with increasing temperature, and especially the slopes
change at the crossovers between ordered, disordered, and
liquid phases.
Below 1210 °C, the cubic phase is metastable but can be

obtained at lower temperatures where it is kinetically stable. It
is represented by a dashed extension of the higher-temperature,
stable cubic state since, in the absence of the disorder−order
transformation, there is no discontinuity in thermodynamic
properties of the disordered structure below TOD. The
undercooled disordered structure has higher entropy and free
energy than the ordered structure and readily transforms to the
ordered structure above about 600 °C, shown by arrows in
Figure 5. At lower temperatures, the disordered structure is
kinetically stable and does not readily transform to the ordered
structure. Crystallization of molten Li2TiO3 would occur on
rapid cooling of the melt below TM, as shown by a short
dashed extension of the liquid free energy curve below TM, but
it is unlikely that such melts could undercool significantly,
become more viscous, and subsequently undergo a glass
transition.
Li2MnO3. Li2MnO3 has a monoclinic layered rock salt

structure18 similar to Li2TiO3, but there is no reported
evidence that it can transform to a cubic polymorph at high
temperatures. It is, however, possible to prepare nanoparticles
with the cubic polymorph at room temperature by MS, Figure
6a(i), which transform gradually to the monoclinic polymorph
on heating, (a)(ii)−(a)(v). During this process, the crystallite
size increased greatly above 400 °C (Figure 6a,b), as shown by

Figure 4. XRD patterns of Li2TiO3 prepared by (a) MS and (b) solid-
state reaction at 800 °C, compared with (c) ordered Li2TiO3 (ICSD:
15150).

Figure 5. Schematic free energy−temperature profile for Li2TiO3.
The cubic polymorph is thermodynamically stable above 1210 °C but
metastable at lower temperatures where it should transform to the
thermodynamically stable, monoclinic, ordered rock salt structure.
The rate of this transformation, shown as arrows, is kinetically
controlled and depends on temperature.
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a reduction in X-ray peak broadening. In addition, super-
structure peaks that represented cation ordering started to
emerge above about 200 °C. These were initially very broad,
indicating a small ordered domain size, but became sharper at
higher temperatures.
To describe the structure fully, it is therefore necessary to

consider two size parameters, the size of the individual grains,
each of which has a coherent, cubic close-packed oxide ion
sub-lattice and the size of the cation-ordered domains which,
initially, are much smaller than the grains. Both size parameters
increase with annealing temperature until, at 800 °C, a fully
ordered structure is apparent with no residual XRD line
broadening of either ordered domain or individual grain
diffraction peaks, indicating that the size of both is greater than
∼0.1 μm. The variations of crystallite size and domain size with
heating are shown in Figure 6b.
We have not investigated further the nature of cation

ordering in the early stages, but note that, at 400 °C, especially
the superstructure lines are extremely broad, Figure 6a(iii). It is
possible that cation ordering occurs in two stages, first to form

alternate layers of Li and (Li, Mn), followed by a second stage
at which cation ordering within the Li, Mn mixed layers
becomes complete. It is not clear from the literature whether
the structure(s) of the ordered polymorph is fully resolved,
given the proposed role of stacking faults in observed intensity
variations of some of the superlattice peaks in both Li2TiO3

and Li2MnO3.
18

In the absence of any information on the possible existence
of a stable cubic polymorph at high temperature, the free
energy−temperature profile of Li2MnO3 shows the stable
monoclinic polymorph and a separate free-energy curve for the
metastable cubic polymorph, Figure 6c, which changes to the
stable polymorph, arrowed, at higher temperatures. It is not
known whether the ordered polymorph melts directly or
undergoes an order−disorder transition before melting.
Although a disordering transformation of Li2MnO3 has not

been accomplished by heating ordered Li2MnO3, it was
induced by PBM ordered Li2MnO3. Results for different
milling times are shown in Figure 7a. The transformation has
two notable features. First, a reduction in the intensity of

Figure 6. XRD patterns of Li2MnO3: (a)(i) prepared by MS and [a(ii)−a(v)], after subsequent heating at various temperatures. (b) Crystallite and
domain size after heating at different temperatures. (c) Schematic free energy−temperature profile.

Figure 7. (a) XRD patterns showing the effect of high-energy BM on ordered Li2MnO3 and (b) schematic free energies of ordered, high-energy
ball-milled and disordered Li2MnO3.
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super-lattice lines is characteristic of the ordered structure.
Second, a significant broadening of the sub-cell lines indicates a
reduction in the crystallite size (Figure 7b). It appears that
local cation disorder within the super-lattice domains either
precedes or accompanies a reduction in crystallite and domain
size, as judged by the XRD pattern after ∼0.1 h of milling. The
main super-lattice line at a 2θ of 19° has much reduced
intensity but shows some broadening.
This order−disorder transition on ball-milling Li2MnO3

appears to be an example of an “uphill, stable−metastable
transition” similar to that shown in Figure 2; the input
mechanical energy from milling activates the free energy of
ordered Li2MnO3 sufficiently to raise it above the free energy
of the disordered structure, Figure 7b.
LiAlO2. Two polymorphs of LiAlO2 are reported in the

literature, a stable γ polymorph, which has a tetrahedral
structure,19 and an α polymorph, which has an ordered layered
rock salt structure similar to that of LiCoO2.

20 By MS, we
prepared a new, third polymorph with a cubic disordered rock

salt structure, Figure 8. On subsequent heating at 400 °C, a
very broad line indicative of ordered nano-domains can be
seen. At 600 °C, the α structure is fully developed but still with
small particle size. At 800 °C, a mixture of α and γ polymorphs
is seen. We believe, but are not certain, that both cubic LiAlO2

and α-LiAlO2 are metastable polymorphs, as shown schemati-
cally in Figure 8b.
Oxyfluoride Solid Solutions: Li2TiO3−LiF. The ionic

radii of O2− and F− ions in octahedral coordination are very
similar21 leading to the expectation that oxyfluoride rock salt
solid solutions with disorder of both cation and anion sub-
lattices may be possible, as has already been shown for
Li2MnO2F which is of considerable interest as a lithium-battery
cathode.22 Using MS, the high-temperature cubic phase of
Li2TiO3 forms an extensive solid solution with LiF and the
general formula Li2+xTi1−xO3−3xF3x, Figure 9a. The novelty
here is that not only can the solid solution be prepared at
ambient temperature by MS but some compositions are also
stabilized thermodynamically, as shown in Figure 9b, by the

Figure 8. (a) XRD patterns of LiAlO2 prepared by MS and subsequently heated at various temperatures and (b) schematic free energy−
temperature profile for LiAlO2 polymorphs.

Figure 9. XRD patterns at room temperature of (a) cubic solid solutions between Li2TiO3 and LiF prepared by MS and (b) after subsequently
heating the samples at 800 °C. (c) Linear variation of lattice parameter a against composition x at room temperature.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.3c01080
Chem. Mater. 2023, 35, 6790−6798

6795

https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01080?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01080?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01080?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01080?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01080?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01080?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01080?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01080?fig=fig9&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c01080?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


effect of heating samples at 800 °C. Undoped Li2TiO3, x = 0,
becomes ordered after heating at 800 °C, whereas
compositions x = 0.25 and 0.50 remain disordered. This
means that the order−disorder transition temperature in
Li2TiO3 has been reduced greatly from 1210 °C by solid
solution formation with LiF. The range of disordered cubic
solid solution formed by some compositions appears to be
thermodynamically stable at ambient temperature and may
also be regarded as entropy-stabilized.
Supporting evidence of doping and solid solution formation,

with disorder on both cation and anion sublattices, is provided
by the approximately linear variation of lattice parameter a
with composition x, showing adherence to Vegard’s law
(Figure 9c). A small amount of LiF is shown in the XRD data
for x = 0.40 (Figure 9b) and may be either a consequence of
incomplete reaction during MS or because the doping limit
exceeded under these conditions.
These results provide a clear example of entropy-driven

formation of a thermodynamically stable solid solution range.
The large gain in entropy associated with complete disorder on
both anion and cation sites is more than sufficient to offset the
enthalpy of formation of a partially ordered solid solution,
irrespective of whether it is positive or negative. Data are
shown for compositions x = 0.25, 0.40, and 0.50. It is, however,
expected that a range of compositions close to Li2TiO3, with x
< 0.25, would show a partially ordered structure at lower
temperatures, depending on the temperature-composition
locus of the order−disorder transition, similar to that reported
for the stabilization of cubic, disordered Li2TiO3 in solid
solution with MgO23 (Figure 11). These results show the value
of thermodynamic and phase diagram considerations in
evaluating the thermodynamic/kinetic stabilities of doped
materials that can potentially undergo order−disorder trans-
formations.

Li3NbO4 and Oxyfluoride Solid Solutions. Li3NbO4 has
an ordered rock salt structure containing clusters of Nb4O16

edge-sharing octahedra.24 Both Li3NbO4 and an extensive
range of solid solutions with LiF were prepared by MS and
shown by XRD to have a disordered cubic rock salt structure
(Figure 10a). As far as we are aware, the metastable, disordered
polymorph of Li3NbO4 has not been reported previously
although cation-disordered solid solutions containing Mn, Fe,
Co, and Ni as dopants have been reported.25

The lattice parameter, a, of the solid solutions,
Li3+xNb1−xO4−4xF4x showed a systematic decrease with x
(Figure 10b). There is clear indication that the intermediate
compositions have a slightly larger lattice parameter than
expected from a line connecting values for Li3NbO4 and LiF.
This positive deviation from Vegard’s law implies a net
repulsion within the disordered cation and anion arrange-
ments, indicating a tendency to unmixing or immiscibility
within the solid solutions and a preferential tendency for LiF-
rich and Li3NbO4-rich clusters to segregate.
Further studies on ball-milled samples with a complete range

of x values that have been subsequently heated over a range of
temperatures may show the existence of an immiscibility dome
with an upper consolute temperature, as was found in the
system Li2TiO3−MgO

26 (Figure 11). The Li2TiO3−MgO
phase diagram (Figure 11a) shows four consequences of the
effect of entropy. First, the formation of an extensive range of
solid solutions at high temperature, indicating that the large
increase in entropy more than offsets any reduction in their
enthalpy of formation. Second, stabilization of these solid
solutions over a range of compositions to low temperatures, in
preference to formation of a more extensive solid solution of
ordered Li2TiO3. Third, existence of an immiscibility dome
over a range of compositions and temperatures. Inside the
immiscibility dome, the entropy of a single phase solid solution
is insufficient to overcome its enthalpy of formation, which

Figure 10. (a) XRD patterns of cubic solid solutions between Li3NbO4 and LiF. (b) Linear variation of lattice parameter a against composition x.

Figure 11. (a) Phase diagram of Li2TiO3−MgO and (b) composition-dependence of unit cell parameter, a, adapted from ref 26.
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must be positive. Fourth, the significance of temperature in the
−TΔS term which illustrates entropy-controlled solid solution
formation at high temperatures that reverts to enthalpy control
at lower temperatures for a limited range of solid solutions.
The phase diagram in Figure 11 may represent a common
format for other materials that form both ordered and
disordered rock salt structure phases and solid solutions.

■ CONCLUSIONS

Stoichiometric oxide phases such as Li2TiO3, Li2MnO3,
Li3NbO4, and LiAlO2 can be prepared as cubic polymorphs
with disordered rock salt structures by MS at room
temperature where they are thermodynamically metastable
but kinetically stable. PBM raises the free energy of the
reactant mixtures, which effectively reduces the activation
energy for reaction and facilitates the formation of a high
configurational entropy, disordered phase as the first product
of reaction.
The effect of mechanical energy on the free energy of phases

is illustrated by the BM of cation-ordered, monoclinic
Li2MnO3. Mechanical energy input leads to disordering of
the cation arrangement and a metastable cubic polymorph that
has a disordered rock salt structure. The introduction of
disorder into an ordered structure by mechanical activation is
not new and is well known in alloy structures such as Ni3Al.
Introduction of disorder is the first step in amorphization of
the alloy and is reversible by suitable heat treatment.28 It is an
uphill, stable-to-metastable process on comparing the relative
free energies of ordered and disordered polymorphs, similar to
the charging of lithium-ion batteries which involves application
of a voltage that exceeds the decomposition potential, E°, of
the cathode, Figure 2. LiCoO2 itself is thermodynamically
stable, but the de-intercalated product, Li1−xCoO2, is only
metastable and readily re-intercalates to reform the stable
structure and composition during subsequent battery dis-
charge.
Cubic Li2TiO3 is metastable at room temperature and

reverts to the stable, ordered polymorph on heating. At still
higher temperatures, >1210 °C, the ordered polymorph
undergoes an order−disorder phase transition, and the cubic
polymorph becomes thermodynamically stable. The cubic
polymorphs of the other three phases studied here are all
thermodynamically metastable but kinetically stable at room
temperature; as yet, there is no evidence whether they may, or
may not, also form stable disordered polymorphs before
melting.
The interplay between the enthalpy of formation of a phase

or solid solution and any change in entropy is illustrated by the
effects of doping Li2TiO3 with (i) LiF and (ii) MgO and the
associated temperature−composition equilibrium phase dia-
grams. An increase in entropy favors the formation of
disordered structures, especially at high temperatures. This
also accounts for the appearance of low-temperature
immiscibility domes in solid solution phase diagrams with an
upper consolute temperature in which the entropy of mixing at
lower temperatures is insufficient to offset a positive enthalpy
of mixing; instead, unmixing of a solid solution into two phases
occurs with decreasing temperature.
The thermodynamic principles that underlie phase diagrams

and phase transitions, including order−disorder processes are
well-established.27 Here, we present practical guidelines and
considerations into the use of thermodynamics, phase
diagrams, and order−disorder transformations of solid solution

systems that can help to rationalize different materials synthesis
methods, especially for stable or metastable materials that can
be made by MS.
There is much current interest in oxyfluoride solid solutions

with a disordered rock salt structure for possible lithium
battery cathode applications. Their thermodynamic and kinetic
stabilities may be assessed readily by the effect of heat
treatment on materials made by MS.
A “hot topic” in the area of disordered structures concerns

“high-entropy alloys (HEA)” exemplified by cation-disordered,
rock-salt-structured solid solutions, MO, where M represents
equimolar amounts of five similar-sized divalent cations,
typically Mg, Co, Ni, Cu, and Zn. Originally, these were
prepared by a high-temperature reaction29−31 but more
recently have also been prepared by MS.32 They may be
regarded as a compositional example of disordered rock salt
materials typical of those discussed here in which (i) cation
valences are not limited to divalent but range from 1+ to 5+,
with the proviso that the cation/oxygen ratio is 1:1 and
electroneutrality holds, (ii) there is no requirement that the
different cations should be present in equimolar proportions,
although it has been shown that this may lead to maximized
entropy,29 (iii) some compositions are thermodynamically
stable only at high temperatures, others are stable at all
temperatures, and yet others are metastable but only at low
temperatures, (iv) as well as cation-disordered HEA materials,
anion disorder occurs readily in oxyfluorides with cation ratios
adjusted to compensate for the different charges of similar-
sized O2− and F− ions. We anticipate that the family of
materials with both cation and anion disorder could be
extended further by the incorporation of similar-sized nitride
anions, N3−.
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