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Highlights

e Direct room temperate ion exchange possible allowing the synthesis of, LiHSrTa,07 from
H,SrTa,0;and LiOH.H,0

e Full exchange to form Li,SrTa,07 possible at relatively low temperature of 120 °C.

e The defect phase [1LiSrTa;0¢ 5 can be formed by dehydrating LiHSrTa,07

Abstract

Layered materials form a wide range of technologically important ceramics. Within the class of layered
materials, ion-exchangeable tantalates have shown great promise. However, the majority of ion
exchange methods require large molar excesses of reagents, high temperatures, and by-products or
undesired second phases that have to be removed in subsequent reaction steps. Here we show how
direct reaction of H,SrTa,0; with varying quantities of LiOH.H,O at room temperature can exchange
protons for Li*. This process does not form a continuous series such as that observed in H,LixLa>TizO1p,
instead forming LiHSrTa,0 balanced with either unreacted H,SrTa,07 or LiOH.H,0 depending on the
initial ratio of H,SrTa;07 to LiOH.H,0. When H,SrTa,05 is mixed at room temperature with less than
one equivalent of LiOH.H,0 it reacts to produce a mixture of H,SrTa,0; and LiHSrTa,07. Mixing
equimolar amounts of H,SrTa;O; and LiOH.H,O produces a single phase of LiHSrTa;0;. Room
temperature mixing with x LiOH.H;0 (1 < x < 2) followed by heating to 120 °C gives a two-phase

product mixture of LiHSrTa,07 and Li,SrTa,07 and a single phase Li,SrTa;0; from a reaction with x = 2.

LiHSrTa,0; can be further dehydrated at 360 °C to form the defect layered perovskite, [1LiSrTa,0e:s.

Materials with Li* and vacancies on the same crystallographic site often show fast ion conduction but



controllable synthesis has previously proved challenging. The synthesis and degree of exchange is
investigated using X-ray powder diffraction data, thermogravimetric analysis and the ionic mobility
assessed via a.c. impedance spectroscopy. As use of LIOH.H,0 has now been shown to directly control
ion exchange in both n =1 and n = 3 (ideal) and n = 2 (distorted) Ruddlesden Popper phases the

application of this methodology generally to layered materials is discussed.

Keywords lon-exchange; Layered-perovskites; Lithiation; Ruddlesden-Popper; Tantalates;

Introduction

Layered materials have found many uses in the modern word from solid lubricants[1] medicines[2]
to fertilizers[3]. Of great interest currently is the relatively facile ion mobility observed in many layered
materials. In addition to being of scientific interest the ability of certain species e.g. H*[4][5], Na*[6][7],
and Li*[8][9] [10] is of crucial importance in a range of fuel cell and battery applications. The
Ruddlesden-Popper family of structures, Ap+1BnX30+1 (n = 1,2, 3) can be conceptually derived from the
related three-dimensional perovskite structure by periodic insertion of a layer of rock salt
stoichiometry to give two-dimensional perovskite slabs of finite thickness. The interlayer rock salt sites
are typically fully occupied and this limits ion mobility. To counter this, ion exchange and dehydration
has been shown to introduce vacancies in a controlled manner e.g. LixVacs.2xLa;TisO0gx [11]. The
mixing of crystalline LiOH-H,0 with the either the n = 1 layered perovskite HLaTiO4 or the n = 3
H,La,Tis010 at room temperature gives an ion-exchange reaction, where lithium ions quantitatively
replace protons to give the solid-solution series Hi4LixLaTiOs and H,«LasTizO10 respectively. [12][11]
This reaction is driven not by a stoichiometric excess of lithium cations, but instead by the gain in
entropy associated with the liberation of water from the lattice of LIOH-H,0. This entropic change is
sufficient to drive endothermic reaction to for Li;MoQ, .[13] It is anticipated that this reaction is
sufficiently general to allow it to be extended to other protonated layered perovskites. Here we report

the results of applying this reaction method to H,SrTa,05.



The structure of H,SrTa;07 has been extensively studied by Crosnier-Lopez et al. .[14][15] They have
shown that the perovskite slabs comprising the framework of this material are not regularly offset by
¥%a+lib, as is typically observed in the Ruddlesden-Popper family of compounds,[16] but that they can
instead be more accurately described by an average of a number of different offsets that are
intermediate between eclipsed and staggered arrangements. This variable arrangement between
adjacent slabs of perovskite is illustrated schematically in Figure 1, and has the characteristic feature
in X-ray powder diffraction profiles, whereby some peaks appear significantly broader than others.
These stacking defects have been ascribed to the relative elasticity of the hydrogen bonds across the
interlayer region compared to the ionic bonds commonly securing the interlayer alignment,[14] and

have prevented a conventional structural characterisation of this material by diffraction methods.

In contrast to the protonated phase, structural investigations into the lithium containing analogue
Li,SrTa,07 have revealed arrangements of perovskite slabs that are significantly more regular. This has
led to the structure being described as crystallising in the Cmcm space group (Figure 1) rather than

the typical 14/mmm for Ruddlesden-Popper n = 2 phases.[17]

These distortions can have crucial impact on technologically important properties and a detailed
examination of the crystal structure and properties of MnSrTa,0; have identified a novel route to
multiferroic phases based on these structures.[18] The particle-size-dependent second harmonic
generation of this n = 2 phase indicates a non-centrosymmetric structure and this is confirmed by
fitting high resolution neutron powder diffraction in the space group A2;am rather than Cmcm. The
reduction in symmetry is drive by a symmetric tilting of the TaOg along the c axis. In the Glazer
notation[19] this is described as aac* rather than aac® (in the Amam setting of Cmcm). This
reduction in symmetry to the non-centrosymmetric space group permits second harmonic generation
and shows that control of the interlayer cation chemistry is likely to be a key component in

synthesising these new multiferroic materials.



Partial exchange of Li/H to form LiHSrTa,0; can be achieved using either 25 molar excess NH,Cl at
225 °C under argon or by using dilute HNOs heated at 60 °C when the amount of H* ions is ‘just
sufficient’.[20] It is noteworthy that Li,.xH«SrTa,05 solid solution does not appear to be stable instead
the x =0, 1, 2 being only observed phases. It is unclear if this discrete ion exchange proceeds in a
random manner or involves a periodic staged replacement of complete layers of protons in an

alternating fashion.

Here we describe Li* ion exchange of the solid acid H,SrTa;0 has attempted using the same
methodology that produced quantitative ion exchange in HLaTiO4 [12,21] and H;La;Tis010[11]. X-ray
diffraction has been used to monitor exchange of interlayer cations by tracking changes in the unit
cell dimensions in the reaction products. These materials have also been examined for their thermal
stability, to ascertain whether lithium exchange had occurred and to what extent that this could be
achieved and controlled. The method of formation implies facile ion migration through these
structures. Moreover, the composition of the phases resulting from subsequent dehydration
reactions introduce vacant sites into the interlayer Li* sublattice. In order to evaluate ion dynamics

and their potential as fast-ion conductors we have collected a.c. impedance spectra.

Experimental

Synthesis

The layered perovskite Li>SrTa,0; was prepared by conventional ceramic methods using suitable
mixtures of metal carbonates [Li,COs (0.6425 g, 8.695 mmol), and SrCOs (1.284 g, 8.695 mmol)] and
metal oxides Ta,0s (3.843 g, 8.695 mmol). A 10 wt. % excess of lithium carbonate excess was added
to the reagent mixtures to compensate for the volatilisation of this component at high temperature.
These reagents were heated in a furnace from room temperature to 500 °C at 1 °C min™, where they
were held for 6 hr before cooling. Two additional firings at 1250 °C for 12 hr, using a 2.5 °C min™t ramp

rate were then carried out.



The solid acid H,SrTa,07 was prepared by suspending Li,SrTa,07 (4.800 g (8.342 mmol)) in 480 ml nitric
acid (ca. 2 mol dm=3, H* in 58-fold excess) at 60 °C for 5 d. The exchanged product was then washed
with 200 mL of water and recovered by vacuum filtration. The washed product was allowed to dry at

room temperature in air.

The replacement of protons with lithium cations in H,.4LixSrTa>0; was carried out by grinding the solid
acid H,SrTa,07 with stoichiometric quantities of LiOH-H,0 under ambient conditions. The reagents (0.1
- 1 g) were ground together for 30 min using a pestle and mortar. The resulting sample was then left
to stand in an open-top vial in ambient atmosphere for the reaction to complete over several hours

until powder was visibly dry.

X-Ray diffraction

The structures of the protonated and lithium-exchanged phases were analysed by X-ray powder
diffraction using a Siemens 500 diffractometer in Bragg-Brentano geometry. The Rietveld method, and
Le Bail extractions as implemented in the GSAS suite of programs, [32] were used to analyse the data
with pseudo-Voigt and shifted Chebyshev functions describing the peak shape and background,
respectively. Layered structures are often susceptible to preferred orientation effects. Diffraction data
were collected from samples loaded in a variety of different ways in order to evaluate the impact of
sample mounting on diffraction profile, but no significant changes were observed. The March Dollase
model of preferred orientation as implemented in GSAS was used to test the data for any such effects.
Inclusion of this preferred orientation model in refinements did not improve the quality of fit, and so

it was not used in the Rietveld analyses.



Thermal Gravimetric analysis

The thermal stabilities of H,4LixSrTa,07, and the lithium-exchanged samples were evaluated using a
Perkin ElImer TGA 7 thermal gravimetric analyser. These measurements were carried out under a
dynamic atmosphere of dry helium, whereby approximately 30 mg of sample was equilibrated at 40
°C for 5 min before being heated to temperatures of up to 900 °C. Additional experiments involving
both the protonated and the lithium-exchanged phases being heated in air and then analysed by X-
ray powder diffraction were also employed; these experiments were used to correlate the losses in

mass to changes in structure.

Electrochemical impedance spectroscopy

The transport properties of the 1:1 lithium-exchanged samples were assessed by a.c. impedance
spectroscopy using a Solartron SI 1260 frequency response analyser. These experiments were carried
out by pressing approximately 0.2 g of the as-made lithium-exchanged sample under a load of 3 tonnes
to give a 10 mm diameter cylindrical pellet approximately 0.7 mm thick. This pellet was attached to
two platinum electrodes and heated from room temperature to temperatures of up to 650 °C in air.
a.c. impedance data were collected from this pellet over the range 0.2 < f/ Hz < 10° on heating over

this temperature range.



Results and discussion

The X-ray powder diffraction data of H,SrTa,0; synthesised from acid treatment of Li,SrTa,07 ,in
agreement with Crosnier-Lopez et al.[14] could not be fully indexed. However, on the basis of the
sharpest and most intense peaks in the range 5 < 20 < 50°, this diffraction pattern could be partially
indexed using a tetragonal cell of dimensions a = 3.84 A and ¢ = 19.48 A. With A,A’B,0; stoichiometry
the Ruddlesden Popper n = 2 phase might be expected for A,SrTa,;0; (A = Li or H). However, the lithium
cations are too small to occupy the 9-coordinate site that is usually associated with A-site cations in
the aristotypical Ruddlesden-Popper structure. Instead they inhabit a 4-coordinate site with an
unusual, flattened tetrahedral geometry that provides a better match to the bonding requirements of
Li*. These units form an edge-sharing network of LiO4 units in the interlayer, and so, can be considered
to be related to both the Ruddlesden-Popper and Dion-Jacobson structure-types. The formation of
this derivative structure when Li sits on the A site has been has been confirmed by neutron diffraction
studies of both Li;SrTa;0; [17] and Li;La,/3Ta,07.[22] In the case of Li,SrTa,07, rows of TaOs octahedra
along the [001] direction exhibit an equal tilt in opposite directions relative to non-tilted octahedra in
an 14/mmm compound such as K,SrTa,07.[23] This tilting reduces the symmetry of the structure to
Cmcm. We note that additional symmetry reduction can arise from displacements of the oxide anions
leading to the A2iam structure.[18] This is a subgroup of the Cmcm structure and the subtle
displacements of the oxide anions require careful structural characterisation. We simulated the
impact of such atomic displacements and the associated reduction in space group symmetry in our
materials. The simulations showed that such displacements would make no significant contribution
to our data X-ray diffraction data. We follow crystallographic convention in assigning the higher space
group symmetry that reasonably fits our diffraction data, but wish to explicitly note that high
resolution neutron diffraction data, such as those used to examine MnSrTi,07,[18] may identify
displacements of the oxide ions that lie beyond the sensitivity of X-ray laboratory diffraction. It should
be noted that the crystallinity of these samples has been somewhat degraded by multiple low

temperature reactions.



The tilting of these TaOg octahedra in the Cmcm structure also gives rise to a cooperative distortion
of the LiO4 tetrahedra, such that a fifth neighbouring oxide anion is brought to within a distance of ca.
2.4 A of the lithium site. Therefore, the coordination of the lithium cation could be considered as
intermediate between distorted four-coordinate and five-coordinate square pyramidal. It has been
shown that the tilting of these TaOs octahedra progressively decreases with heating until, at 230 °C,
the structure of Li,SrTa,0; can be described in the aristotypical 14/mmm space group (Figure S1). It
appears however that when the Li* is replaced with H* the interlayer interactions appear to have
weakened allowing the perovskite layers to move causing the abundance stacking faults that have
been observed previously.[14][15] The replacement of a group one metal with H* leading to a
reduction in crystallinity has been observed in other layered materials such as HiLixLaTiOs, [12,21]

HTiNbOs[24][25] and H;La;Tiz010[11] but H,SrTa,07 represents the most dramatic result.

X-ray powder diffraction data collected from a sample of H,SrTa,0; after grinding with one equivalent
of LiOH-H,0 showed that a number of the sharp peaks arising from H,SrTa,0; appear to have
undergone significant shifts in angle, as illustrated in Figure 2. This is accompanied by the
disappearance of a number of broad peaks in the range 25-40° 26, such that the diffraction pattern
could be fully indexed and refined using an orthorhombic cell (a = 5.537(2) A, b = 5.549(2) A, ¢ =
18.7607(13) A) that is of similar dimensions to that reported for HLiSrTa,07.[20] This indicates that
grinding H,SrTa,07 with LiOH-H,0 leads to a significant contraction along the stacking direction of the
layered perovskite structure. The mass of the ground sample was also recorded after 5 d, which
indicated a loss in mass of ca. 5.2 wt. % that is commensurate with the loss of 1.7 moles of water per
formula unit. This loss in mass together with the contraction of the c lattice parameter suggests that

reaction (1) had occurred.

Reaction 1: H,SrTa,07 + LiOH-H,0 - HLiSrTa,07 + 2H,0

Additional to the tilting caused by small Li* (transforming symmetry from 14/mmm to Cmcm) ordering

of the H*/Li*introduces an acentric distortion transforming symmetry further to Ama2. [26] Heating



the HLiSrTa,0; above = 200°C causes a reversible phase transition from the orthorhombic Ama2 to
the typical Ruddlesden Popper n=2 tetragonal 14/mmm.[26] It should also be noted that
transformation of the space group Ama2 to Cmcm leads to a change in the relative orientation of the
unit cell axes, whereby the orthorhombic super cell transforms from (apV2 x ayV2 x c) to (¢ x apV2 x
apV2), as illustrated in Figure 3. We used Rietveld refinement of the Ama2 model to examine the XRD
data derived from the reaction of H,SrTa,07 with 1 molar equivalent of LiOH-H,0. The final fit obtained

to this diffraction pattern is shown in Figure 4.

In an attempt to prepare the fully exchanged compound Li,SrTa;07, a sample of H,SrTa,0; was ground
with two equivalents of LiOH-H,0. X-ray powder diffraction data collected from this mixture several
days after mixing the reagents could be fitted in a similar manner to the 1:1 data set, as shown in
Figure S2. This refinement indicated the presence of an orthorhombic cell (a = 5.536(3) A, b = 5.546(3)
A, c = 18.7686(13) A) that is, within error indistinguishable from that of HLiSrTa,0; prepared using a

1:1 mixture of reagents, suggesting that reaction (2) had occurred instead.

Reaction 2: H,SrTa,0, + 2LiOH-H,O - HLiSrTa.0, + LiOH-H.O + 2H.0

For comparison, the reaction between H,SrTa;07 and half an equivalent of LiOH-H,0 was also carried
out. X-ray powder diffraction data were collected from this sample 12 days later and showed an
approximately 1:1 mixture of the H,SrTa,05 starting material and the HLiSrTa,0; exchanged product,

as illustrated in Figure S3, suggesting that reaction (3) had occurred.

Reaction 3: H.SrTa.O, + %5LiOH-H.0 - %:HLiSrTa.0, + /2H.5rTa.0, + H.0

These trial reactions suggest that the [SrTa,0,]* host lattice can only be stabilised by a mixture of
protons and lithium cations when they are present in equimolar quantities. However, it was noted
that some of the 1:2 samples also gave rise to a number of low intensity peaks that could be indexed
as (00l) reflections using the smaller orthorhombic cell of Li,SrTa,0;. X-ray powder diffraction data

were collected from such a sample after it had been left in ambient atmosphere for a further 5 days,



and showed that the intensities of the peaks arising from Li,SrTa,07 had significantly increased, as
illustrated in Figure S4. Therefore, in an attempt to form a monophasic sample of Li,SrTa,07, this
mixture was heated at 120 °C in air for a total of 8 d. The resulting sample gave rise to diffraction data
that could be fully indexed using the orthorhombic cell of Li,SrTa,07, suggesting that HLiSrTa,07 had
undergone ion exchange with the remainder of the lithium in the sample. These diffraction data could
be fitted using the structural model reported for Li,SrTa,07 in the space group Cmcm [17] as illustrated
in Figure 5. The atom positions described by this model could not be refined against the observed
data, as similarly encountered when the [SrTa,07]* model was fitted against the 1:1 data set, but
nevertheless provide a reasonable fit to the observed data. Consequently, the atomic coordinates
were constrained at the literature values, with the atomic displacement parameters modelled
isotropically and fixed at a value of 0.012 A% for all atoms. In order to provide additional evidence with
which to support the reaction schemes proposed, the thermal stabilities of the protonated and
lithium-exchanged samples were evaluated. It has previously been shown by Bhuvanesh et al. that
heating H,SrTa;0; in the temperature range 350-700 °C results in topochemical dehydration of this

material to give a defective three-dimensional perovskite, SrosTa0s,[15] as described by reaction (4).

Reaction 4: H,SrTa,0; - 2SrosTaOs + H,0

Therefore, a sample of H,SrTa,0; was heated at 360 °C in air for 2 days. X-ray powder diffraction data
collected from the resulting sample showed the presence of relatively crystalline peaks that could be
indexed using a tetragonal cell (a=3.925(2) A and ¢ =3.983(2) A) of similar dimensions to that reported
for SrosTa0s, as illustrated in Figure S5. The pattern contains a large peak area arising from extremely
broadened Bragg peaks along with a broadened peak at approximately 10° 26 that can be indexed by
doubling the c lattice parameter. This suggests that a small quantity of the perovskite with strontium
site ordering is still present, as also reported by Bhuvanesh et al. The mass of H,SrTa,0; was also
monitored during this transformation; thermogravimetric data were collected on heating a sample of

H,SrTa,07 at 360 °C under a dynamic atmosphere of dry helium for 2 d, via a 10 °C min™ ramp from



room temperature, and showed a loss in mass of 2.8 wt. %, as illustrated in Figure 6. This mass loss is
commensurate with the evaporation of 0.87 moles of water per formula unit, which accounts for the
majority of the water produced by reaction (4). Additional thermogravimetric data were collected on
heating a sample of H,SrTa,0; from room temperature up to 800 °C at 10 °C min!, under a dynamic
atmosphere of dry helium. This experiment was repeated for a number of separately prepared
samples of H,SrTa,07, and, in all cases, indicated a complex mass loss ranging from 3.9 wt. % to 6.8

wt. %, as illustrated in Figure S6.

This mass loss both varies from sample-to-sample, and is in excess of that anticipated from reaction
(4). However, all the samples of H,SrTa,07 gave rise to almost identical diffraction patterns. Therefore,
although the mass loss recorded on holding a sample of H,SrTa;0; at 360 °C is in agreement with
reaction (4), this reaction is not compatible with data recorded over a broader temperature range.
This prevents the quantitative interpretation of thermogravimetric data collected from the lithium
exchanged samples, which show a more complex mass loss. By comparison, the heat treatment of the
1:1 sample at 360 °C in air for 2 d led to X-ray diffraction data that could be indexed instead using a
combination of an orthorhombic cell (a = 18.327(2) A, b = 5.5562(6) A and ¢ = 5.5659(7) A) and a
tetragonal cell (a = 3.9321(3) A and ¢ = 3.9188(7) A), as illustrated by the LeBail fit in Figure 7(i). The
indexing of the orthorhombic cell was performed in the same space group, Cmcm, as used to describe
the structure of Li,SrTa,0, rather than that of Ama2, which is used to describe the structure of the

HLiSrTa,0 parent phase.

These models provide an almost equivalent description of the [SrTa,0;]* sublattice. Given that the
protons drive the reduction in symmetry to Ama2, the absence of protons in the heat-treated samples

suggests that Cmcm is the more appropriate choice of space group for these dehydrated samples.

After applying the appropriate orientational transformations from Ama2 to Cmcm (a,V2 x apV2 x ¢) to
(c x apV2 x apV2), LeBail analyses indicate the presence of an orthorhombic cell with an a parameter

(18.327(2) A) equivalent to, but significantly shorter than the ¢ parameter (18.7607(13) A) derived



from the HLiSrTa,0; parent compound. The tetragonal cell that is additionally indexed is of similar
dimensions to that of the defective perovskite SrosTaOs. These observations suggest that on heating

the 1:1 sample at 360 °C, HLiSrTa,07; undergoes topochemical dehydration to give a mixture of the

defective compounds [JLiSrTa,0s5and SrosTaOs, as described by reaction.

Reaction 5: HLiSrTa,0; = (1-x)LiSrTaz0e5 + ( ¥5x) Li2O + 2xSro5sTa0s3 + ¥%H,0

Scanning electron micrographs published by Gonen et al. show that topochemical dehydration of
H,La,TisO1p results in considerable fragmentation of the particles,[27] which both destroys the original
platelet morphology and reduces the size of these particles by an order of magnitude. The destructive
nature of this approach to vacancy formation should similarly apply to the dehydration of HLiSrTa,05,

and may therefore account for the formation of SrosTa0s as a minority product.

In contrast to the dehydration behaviour of HLiSrTa,05, the heat treatment of the 1:2 sample under
the same conditions led to X-ray diffraction data which could be fully indexed using the orthorhombic
cell of Li;SrTa;07. This suggests that the remainder of the protons in the HLiSrTa,0; lattice can be
replaced with lithium cations when heated at temperatures as low as 120 °C. Additionally, diffraction
data collected from the sample heated at 360 °C could be fitted using the structural model of
Li,SrTa,0y7, in a similar manner to data collected from the sample heated at 120 °C, as illustrated in
Figure 7(ii). The cell and fit parameters derived from each of the lithium-exchanged phases studied,
both as made and after heat treatment at 360 °C, are summarised in Tables S1 and S2, whilst the

changes in the lattice parameters are illustrated in Figure 8.

In order to evaluate the potential for fast-ion conduction in the defective layered perovskite
[1LiSrTa;065 a.c. impedance data were collected from a pellet of each of these materials in air. These
experiments initially involved heating a pellet of the HLiSrTa,07 parent compound at 360 °C in air for
2 days, to give the dehydrated material. Impedance data were then collected from the resulting pellet
up to 650°C. Inthe temperature range 360 < T <550 °C complex plane plots show a pair of overlapping

arcs, as illustrated in Figure 9 for 450 °C. The resistances associated with these arcs were estimated



by fitting the data using an equivalent circuit model consisting of two parallel combinations of a
resistor (R) and a constant phase element (CPE). The arc at lower frequency becomes progressively
straighter with increasing temperature, and at 600 °C can be described as a tail-like contribution. This
tail-like contribution could be modelled using a constant phase element and is attributable to ion-
blocking at the electrode interface. The resistance derived from the first arc was used to provide an
estimate of the total bulk conductivity of the pellet. The temperature dependence of the total
conductivity behaviour exhibited by [ILiSrTa,0¢5 can be fitted using a modified Arrhenius equation,
as illustrated in Figure 10, and indicated activation energy of 0.90(10) eV, over the temperature range
studied. The conductivity of each of these samples remains low over this temperature range, with

typical value of 2.1 x 10° S cm™ ([JLiSrTa,065) determined at 450 °C

Although the introduction of vacancies into the Li* sublattice of [ILiSrTa,0s5 may be anticipated to
enhance ion mobility, the conductivity remains within an order of magnitude of previous reports for
the lithium end member, Li,SrTa,0;. [28] [29] However, it should be noted that our value of total
conductivity is derived from samples containing significant quantities of SrosTaOs, which may be

reduce overall ion mobility through the pellet.



Summary

The n = 2 RP phase H2 can be reacted directly with LiOH.H,0 to form HLiSrTa,07 and heated at 120 °C
to form Li,SrTa,07 or a mixture of these line phases. This provides a sharp contrast to the reaction
chemistry observed in the n = 1 and n = 3 systems where the H/Li ratio has been continuously tuned
by appropriate control of the stoichiometry of the reaction mixture. The unusual acentric distortion in
the n = 2 structure was not observed in either of the n =1 or n = 3 analogues and the correlation of
this distortion with the 1:1 phase HLiSrTa,07 suggests that the energetic driver for the formation of
line phases in the n = 2 system arises from this distortion. This room temperature reaction pathway
thus reproduces the observations from the reaction between molten and excess NH4Cl with Li,SrTa,0-

at 225 °C which afforded preferential stabilisation of the 1:1 product. [18]

These studies suggest that other protonated Ruddlesden-Popper type layered perovskites should be
amenable to Li* ion exchange when ground with crystalline lithium hydroxide monohydrate possibly
requiring modest heating. A synthetic route such as this would complement, as well as be a valuable
addition to, the set of reactions by which layered perovskites can be topochemically transformed([30],
i.e. at low temperature and in a step-wise manner, to give new materials that are metastable or
thermodynamically stable at low temperature. Therefore, the case for this reaction serving as a

general route to the Li* ion exchange of protonated layered perovskites is made more compelling.
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(i)

H2SrTa;0, Li,SrTa,0; (Cmcm)
Koa+ fobto % a+’b Ysa+Vib

Figure 1 : Schematic diagram of the proposed structures (i) H,SrTa,07 that has been estimated from
stacking fault simulations. [14] Additionally shown is the crystal structures of the lithium analogue (ii)
Li,SrTa,07 [17] Interlayer and A-site cations are represented by grey and white spheres respectively,
whilst B-site octahedra are indicated by blue units. The lateral offset between adjacent perovskite
layers is indicated below each structure.
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Figure 2 : Observed X-ray diffraction patterns collected from a sample of (i) H,SrTa,07 starting
material and (ii) H,SrTa,07 ground with one equivalent of LiOH.H,0 after 5d
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Figure 3 : Crystal structures of (i) HLiSrTa,0; [20] and (ii) Li>SrTa,07 [17] described in the space
groups Ama2 and Cmcm respectively. Interlayer and A-site cations are represented by grey and
white spheres respectively, whilst TaOs octahedra are indicated by blue units. Note that in the A-
centred cell the perovskite layers are stacked along the [001] direction, whereas in the C-centred cell
the perovskite layers are stacked along the [100] direction.
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Figure 4 : Observed (dots), calaculated (top line) and difference (bottom line) X-ray powder
diffraction patterns from Rietveld analysis of product of a 1:1 reaction. The vertical bars indicate the
allowed Bragg reflection positions for HLiSrTa,0;
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Figure 5 : Observed (dots), calaculated (top line) and difference (bottom line) X-ray powder
diffraction patterns for the 1:2 sample after heat treatment at 120 °C in air for a otal of 8 d. The
vertical bars indicate the allowed Bragg reflection positions for Li,SrTa,0-
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Figure 6 : Thermogravimetric data collected on heating a sample of H,SrTa;0; at 360 °C under a
dynamic atmosphere of dry helium for 2 d, via a 10 °C min™ramp from room temperaure. The
maximum loss in mass antipacted from the topochemical dehyradion of H,SrTa;07 is 3.2 wt % )
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Figure 7 : Observed (dots), calaculated (top line) and difference (bottom line) X-ray powder
diffraction patterns for (i) the 1:1 sample and (ii) a 1:2 sample after heat treatment at 360 ° The
vertical bars indicate the allowed Bragg reflection positions for an orthorhombic cell in the space
group Cmcm, whilst a lower set indicates those allowed for a tetragonal cell in the space group
[4/mmm.
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Figure 8 : Lattice parameters of H,SrTa,0,* and those of the litium-exchanged samples H;SrTa,0-
and Li>SrTa,05 (circles) derived from least-squares refinement against X-ray powder diffraction data.
Additionally shown are data collected from the lithium-exchanged samples after heat treatment at
360 °C (triangles), and literature values (squares) for H;SrTa,07[20] and Li,SrTa,0; [17]. Lattice
parameters derived from fits in the space group Cmcm were reoriented from (¢ x apV2 x apv2) to (
apV2 x apV2 x c) for ease of comparison. *Lattice parameters derived from partial indexing using a
tetragonal cell of dimensions a = 3.84 A and c = 19.48 A ; the a parameter has been multiplied by v2
for ease of comparison.
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Figure 9 : Complex plane representations of a.c. impedance data collected from [JLiSrTa;0¢s. The
conductivity was derived from the equivalent circuit shown.
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Figure 10 : Plot of total conductivity as a function of temperature for [ILiSrTa;Os 5 (open circles). The
total conductivity was derived from a.c. impedance data collected in air. The solid line indicates an
Arrhenius fit to the data set.
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