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Abstract: Recently, many new, complex, functional oxides
have been discovered with the surprising use of topotactic
ion-exchange reactions on close-packed structures, such as
found for wurtzite, rutile, perovskite, and other structure
types. Despite a lack of apparent cation-diffusion pathways in
these structure types, synthetic low-temperature transforma-
tions are possible with the interdiffusion and exchange of
functional cations possessing ns2 stereoactive lone pairs (e.g.,
Sn(II)) or unpaired ndx electrons (e.g., Co(II)), targeting new

and favorable modulations of their electronic, magnetic, or
catalytic properties. This enables a synergistic blending of
new functionality to an underlying three-dimensional con-
nectivity, i. e., [-M� O-M-O-]n, that is maintained during the
transformation. In many cases, this tactic represents the only
known pathway to prepare thermodynamically unstable
solids that otherwise would commonly decompose by phase
segregation, such as that recently applied to the discovery of
many new small bandgap semiconductors.

Introduction

Historically, topotactic ion-exchange reactions have been a
foundational component in the development of functional
solids for many key technologies, including for the preparation
of functional batteries, supercapacitors, fuel cells or zeolites to
name a few.[1,2] Facile ion exchange in these types of materials is
well established as arising within crystalline structures exhibit-
ing the capacity for high ion-mobility. For example, this typically
occurs between the layers or through the pore openings that
are found in layered or porous crystalline structures.[3–5] Addi-
tionally, thermodynamically unstable compounds, i. e., metasta-
ble compounds, can frequently be synthesized via maintenance
of the underlying crystalline structure during the ion-exchange
reaction.[6–8] Thus, low-temperature ion-exchange reactions
provide a valuable kinetic handle for the formation of new, and
frequently metastable, crystalline solids.

Until recently, however, the advantages of ion-exchange
reactions have remained significantly less explored for close-
packed structures, such as for those in the highly common
wurtzite, rutile, or spinel structure types shown in Figure 1. Their
three-dimensional connectivity, [-M� O-M-O-]n, is advantageous for
achieving a high carrier mobility, long-range magnetic ordering
and many other properties. The tantalizing possibility of literally
thousands of undiscovered solids having these structure types has
been predicted by high-throughput computational studies.[9–11]

One main reason that cation-exchange routes have remained

predominantly unrealized is that these structure types appear, by
most sensible arguments, to unfortunately restrict the possibility
of any significant ion interdiffusion at low temperatures. Only
recently has this notion been proven demonstrably false by the
budding renaissance of research into cation exchange within
solids having three-dimensional close-packed structures. The aim
of this paper is to elucidate the emerging concepts underlying
successful reaction tactics that are aimed at attaining new
crystalline solids for investigation of their physical properties.

Cation Exchange in Close-Packed Structures

An initial question to pose is under what conditions would
close-packed solids be capable of exhibiting ion exchange?
Assuming an excess of exchangeable cations and concentration
gradient (@C/@x), according to kinetic exchange theory the rate
determining step is chemical diffusion within the solid, with the
fraction (f) of cation exchange at equilibrium being a function
of particle radius (r), chemical diffusion coefficient (Dc), and time
(t) as derived:[1,12,13] f=1-(6/π2)Σ[exp(-n2Bt)]/n2 (1), and B=π2Dc/r

2

and n=1 to ∞. This percentage represents the extent of
reaching the maximum attainable cation exchange as deter-
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Figure 1. Structural views of close packed anions (yellow) with cations (blue/
gray): shows filling the (a) tetrahedral sites to give a zinc blend or wurtzite
type layer, (b) half of the octahedral sites to give a rutile type layer, and (c) a
fraction of the tetrahedral and octahedral sites to give a spinel type layer; (d)
a diffusion pathway of a tetrahedral cation and the (e) surface cation-
exchange leading to a metastable solid.
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mined by thermodynamics, which may be some fraction of full
exchange. Illustrated in Figure 2, for even small chemical
diffusion constants (Dc) of ~10� 15 cm2 s� 1, nearly complete
cation exchange (95%) is attainable on the order of about 4
weeks for even surprisingly large 100 μm particles. For crystal-
lite sizes in the nanoscale range of ~20 to 40 nm in diameter,
equilibrium can be reached within a few days for a Dc even as
small as 10� 19 cm2 s� 1. Whether a solid exhibits a sufficient Dc at
the low reaction temperatures of 500–800 K depends on its
composition and structure.

Many binary metal chalcogenides easily satisfy these
conditions, with a relatively large Dc in the low temperature
range of ~400-700 K of ~10� 8 to 10� 7 cm2 s� 1 (FeS, MnS, NiS)
and up to as large as ~10� 6 to 10� 5 (α-Ag2S and Cu2S).

[14,15]

Hence, metal chalcogenides have been intensely investigated in
low-temperature, solution-based exchange reactions in a grow-
ing number of recent studies,[16–19] such as starting from Cu2S
with a distorted antifluorite structure. This has yielded unique
synthetic access to metastable polymorphs of binary chalcoge-
nides, yielding the metastable CoS and MnS in either the
wurtzite type or zinc-blende type structures.[16,17] Starting from
the metal-oleylamine complexes, these exchange reactions
occur rapidly and topotactically in trioctylphosphine at only 373
to 473 K with the maintenance of the underlying close-packed
structure, for example, Cu2-xS (hcp)!CoS (hcp) for the wurtzite
structure, and kinetically stabilizing new metastable poly-
morphs. By comparison, metal oxides exhibit Dc values up to an
order of magnitude smaller (or less) than metal sulfides.[14,15]

Nonetheless, the solution-based cation exchange of Fe(II) for
Co(II) cations at the particles’ surfaces at only ~500 K has
recently been used to prepare core-shell FeO/CoFe2O4 particles
with the inverse spinel structure type.[20] Of note, these particles

were found to show enhanced magnetic remanence, coercivity,
as well as superparamagnetic blocking temperature as com-
pared to homogeneous magnetite.

Recent research has made clear the successful synthetic
approaches possible via the low-temperature cation exchange of
close-packed structures, despite having very small chemical
diffusion coefficients. The maintenance of their underlying anion
sublattice, whether it be hexagonal or cubic close-packed, has
enabled the study of a growing number of new binary
compounds and a renaissance of research activity that had
previously been considered as unpractical using this synthetic
approach.

Cation Exchange in the Preparation of
Functional Multinary Oxides

Topotactic cation exchange of close-packed structures has also
recently proven productive in the synthesis of many new,
complex, multinary oxides, i. e., M’MOx. The basic strategy has
involved the maintenance of not only the anion sublattice, but
the preservation of the underlying [-M� O-M-O-]n. connectivity
during the exchange of a secondary metal cation (M’). This
enables the addition of new functionality to an existing [-M� O-
M-O-]n framework, such as for the visible-light sensitization of
existing structures by the incorporation of Cu(I), Ag(I), Fe(II) or
Sn(II) cations. Described below, many small bandgap semi-
conductors have been discovered by this approach starting
from close-packed structures having the wurtzite, rutile, pyro-
chlore and perovskite type structures.

Replacement of a single type of metal cation (M’) in a M’MOx

solid relies upon its selective diffusion through the ‘MOx’-based
network, as found for many types of transition-metal oxides
containing alkali and alkaline earth cations. For example, new
visible-light photocatalysts have been synthesized with wurt-
zite-type structures,[21,22] as given in the reactions below:

b-NaGaO2 þ CuCl! b-CuGaO2 þ NaCl (1)

(wurtzite type)

Na2ZnGeO4 þ 2CuCl! Cu2ZnGeO4 þ 2NaCl (2)

(double wurtzite type)
Thermodynamically, these reactions are driven by the co-

formation of the highly stable NaCl salt. Kinetically, the sodium
cations diffuse through the close-packed structure, Figure 1,
within micrometer-sized particles to exchange at the surfaces
with the Cu(I) cations of the molten CuCl at only 425 to 525 K.
This approach maintains the underlying ‘GaO2’ or ‘ZnGeO4’
lattices while the cation substitution occurs within the tetrahe-
dral cavities containing the Na cation, Figure 1a. Both β-CuGaO2

and Cu2ZnGeO4 exhibit highly dispersed conduction bands and
have favorably low electron effective masses of ~0.2 me*/m0.
After a topotactic exchange of Cu(I) cations that provides a
higher energy valence band, each exhibits a small, direct

Figure 2. (a) Plot of reaching 95% cation exchange with reaction time,
particle radius, and chemical diffusion coefficient, (b) the tunable synthetic
handles, and (c) the calculated reaction time versus diffusion coefficient for
different particle radii.
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bandgap (~1.4 – 1.5 eV). This added feature addresses the need
for incorporating the strong, broad-wavelength absorption of
sunlight together with a low effective electron mass. Similar
examples of Ag(I) cation exchange have been reported for
related structure types as well.[23,24]

The topotactic exchange of Fe(II) cations has also been
demonstrated in the triple-rutile structure for LiMWO6 (M=Nb
or Sb), a reported Li-ionic conductor.[25] The exchangeable Li
cations are coordinated within its octahedral sites. For large,
micrometer-sized particles, a nearly complete cation exchange
with Fe(II) cations in a 0.2 M aqueous solution occurs at only
333 K of up to ~90-92%, or Li1-xFex/2MWO6 (x=0.9 to 0.92; 2 : 1
ratio of Li : Fe).[26,27] The ‘MWO6’ networks, having buckled close-
packed layers, are preserved with the incorporation of Fe(II)
cations over 25% of the octahedral sites. The thermodynamic
driving force of the reaction has yet to be explored, as both
solids are metastable. There is a significant redshift of the band
gap from ~3.0 eV down to ~1.71 eV or ~2.06 eV, for M=Nb
and Sb respectively. The Fe(II) cations occur in a high spin, 3d6,
configuration with an antiferromagnetic transition occurring at
~20 K. In photocatalytic tests, the latter shows visible-light
activity for the degradation of rhodamine blue.

The most intensely investigated topotactic exchange reac-
tions within close-packed structures have perhaps involved the
Sn(II) cation using an aqueous solution or one of its halide-salt
fluxes. A common motivation is to prepare visible-light, semi-
conducting photocatalysts with a higher energy valence band
formed by the Sn(II) cation. These have involved metal oxides in
the pyrochlore[28–30] and other structure types.[31–34] The Maggard
and Jones groups have pioneered recent studies of Sn(II)
exchange into the perovskite structure type, BaMO3 (M=Ti, Zr,
or Hf) with close-packed ‘BaO3’ layers, as illustrated in Figure 3
and in the reactions below:

BaHfO3 þ x SnClF! ðBa1-xSnxÞHfO3 þ x BaClF (3)

BaZr1=2Ti1=2O3 þ x SnClF!

ðBa1-xSnxÞZr1=2Ti1=2O3 þ x BaClF
(4)

In a novel twist, the exchangeable Ba cations occupy sites
within the close-packed layers (rather than within the tetrahe-
dral or octahedral cavities), while the ‘MO3’ sublattice remains
preserved. The formation of the stable BaClF salt drives the
overall reaction to form the highly metastable Sn(II) perovskites,
containing from ~50% to 100% Sn(II) cations on the A-sites.

Figure 3. Toptactic exchange of Sn(II) cations into BaMO3 perovskites, yielding (a) shell-core SnZr1/2Ti1/2O3-BaZr1/2Ti1/2O3, (b) large particles of Sn(II)-mixed
Ba1-xSnxHfO3 and (c) nano-eggshells of pure SnHfO3, with insets of TEM/EDS images.
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This leads to both a smaller bandgap of down to ~1.95 eV and
visible-light photocatalytic activity for the production of molec-
ular oxygen.[33]

Prior studies have shown chemical diffusion constants of Ba
cations in the perovskite structure on the order of 10� 18 to
10� 20 cm2 s� 1 at 1200 K,[35] i. e., falling at the outer edges of the
practical synthesis limits in Figure 2. In general, reaction
diffusion coefficients for solids are usually higher by up to 3 or
6 orders of magnitude compared to self-diffusion coefficients.[36]

As expected, the homogeneity and extent of Sn(II)-diffusion
show a sensitive dependence on the particle sizes/morphology
and chemical composition. Topotactic Sn(II)-exchange on
highly-faceted and smooth particles typically results in thin ~30
to 80 nm shells, as shown for the SnZr1/2Ti1/2O3-BaZr1/2Ti1/2O3

shell-core particles in Figure 3a. More homogeneous distribu-
tions of the Sn(II) cation can be achieved by reactions with
particles having rough edges, Figure 3b, likely owing to
presence of grain boundaries and cracks that facilitate greater
cation interdiffusion and exchange. Alternatively, a reduction of
the particle sizes down to ~50 to 100 nm can also be effective
strategy, as shown for the nano-eggshell morphologies in
Figure 3c. These hollow particles consist of thin shells that have
been used to shorten the diffusion lengths necessary to attain
high purity SnHfO3. The latter is currently under investigation.
In prior related research, the topotactic exchange of Ni(II)
cations into the perovskite-type NaTaO3 has also been reported
using flux reaction conditions, yielding the new Ni0.5TaO3.

[37]

Experimental evidence is clear that future research into top-
otactic cation exchange in perovskites will yield a growing
abundance of novel, functional oxides.

Summary and Outlook

The rising use of topotactic exchange reactions on close-packed
structures holds great promise to enable the preparation of a
large range of new multinary solids. The choice of solvent/flux
is system specific and is targeted to provide a high cation
mobility at low temperatures while also not dissolving or
otherwise transforming the sublattice. The advantage of this
approach is the capability of maintaining either the underlying
a) anion substructure or b) a metal-anion ‘MOx’ substructure,
while incorporating new functional cations (M’) into the frame-
work. Traditional synthetic methods which rely upon full anion/
cation diffusion are insufficient to provide this type of kinetic
control, and especially so for metastable solids that would
rapidly decompose. While the achievement of kinetic control
over the formation of three-dimensional structures has long
been a grand challenge in crystalline solids, there remain many
key challenges and opportunities in the future development of
this synthetic approach. For example, chemical diffusion
coefficients are known in relatively few systems, hindering a
predictability of the synthetic exchangeability of particular
cations. In addition, the compatibility of two cations being
exchanged for each other will need to be more deeply
understood as a function of their differences in cation sizes and
preferred coordination environments. For example, while most

synthetic reports involve the exchange of isovalent cations, for
example, monovalent Cu for Na cations, the synthetic limita-
tions are not yet well understood. Many answers to these
challenging problems will be supplied by the topotactic
synthetic investigations currently surging in new investigations
and being developed for a wide range of potential applications.
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