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Abstract

A new highly ordered Bi-containing layered perovskite of the Ruddlesden-Popper
phase, K, :Bi, ;Ti,0,5, has been prepared by solid state synthesis. It has been shown
to hydrate to form stoichiometric K, ;Bi, ;Ti,0,5-H,0O. Diffraction data show that
the structure consists of a quadruple stacked (n = 4) perovskite layer with K-ions
occupying the rock salt layer and its next-nearest A-site. The hydrated sample was
shown to remove the offset between stacked perovskite layers relative to the dehy-
drated sample. Computational methods show that the hydrated phase consists of
intact water molecules in a vertical “pillared” arrangement bridging across the inter-
layer space. Rotations of water molecules about the c-axis were evident in molecular
dynamic calculations, which increased in rotation angle with increasing temperature.
In situ diffraction data point to a broad structural phase transition consistent with

relaxor behaviour from orthorhombic to tetragonal at To ~600 °C. A corresponding



broad increase in the dielectric constant was observed in dielectric property measure-
ments. The relative Bi-rich composition in the perovskite block results in a higher T¢
compared to related perovskite structures. Water makes a significant contribution to

the dielectric constant, which disappears after dehydration.

Introduction

Naturally layered perovskite-type materials, in which perovskite-type [A,, B, O, ] blocks
n-layers thick alternate with “spacer” layers of another structure type, offer an interest-
ing structural framework for combining normally disparate physical properties. Layered
perovskites have been extensively studied as potential dielectrics (e.g., ferroelectric applica-

tions?), magnetic materials (e.g. colossal magnetoresistors?®), superconductors,*” multifer-
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roics,® 1 photocatalytics, ionic conductors!® and for their intercalation chemistry.
In some cases, specific properties are enhanced in layered structures for example, the lay-
ered perovskites Sr,Ti;O;, and Sr;Ti,O, offer markedly higher activity of H, production
from photoexcitation compared to the pure perovskite SrTiO; due to their ability to readily
uptake water in interlayer gaps.#1?

The three most studied layered perovskites are the Dion-Jacobson (DJ),?° Ruddlesden-
Popper (RP),?! and Aurivillius® phases, A[A, 1B,,04,.1], A5[A, 1B, 05,11, [Bi,0,][A,, 1B, 05, 4]
respectively, where [A, B, Os, ] is the n layer-thick perovskite block. Differences in the
nature of the “spacer layer” between perovskite blocks can have profound effects on their
chemistry and properties. For example, the a-PbO-type [Bi,O,]** layer in Aurivillius phases
has stereochemically active electron lone pairs on Bi**, which produce structural distortions
that increase B-site cation offsets and enhance ferroelectricity.?*2% The opposite can be
achieved by doping Sr** into the [Bi,0,)*" layer, essentially decreasing the effect (compar-
ing distortion parameters between Bi,PbNb,O4 and Bi,SrNb,O,).2®

For the DJ and RP phases, the interlayer atoms are commonly alkali salt cations, and

their arrangement can allow or forbid ion exchange and intercalation of certain types of



molecules. In general, the DJ and RP phases differ by only one alkali cation in the empirical
formula (A, vs A, respectively). The A, layer of DJ phases can either be offset in only one
direction, or none at all, i.e., (1,0,0), (0, 3,0) or (0,0,0) when c is the stacking axis. The RP
phase A, layer is stacked in a rock salt-type arrangement, such that the adjacent perovskite
blocks are staggered by half a unit cell in a and b (%, %, 0). These subtle differences have
been shown to have a major effect on intercalation chemistry, with the (%, %, 0) staggered
arrangement of adjacent layers in RP phases not allowing for the intercalation of large organic
bases compared to related DJ phases.!”

Some RP phases have been shown to readily uptake water in the interlayer space, with

potential applications for photocatalytic splitting of H,O.'> This causes an expansion in

the stacking axis (usually ¢) and in some cases a structural transformation from Immm to
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Pmmm symmetry. The (3, 3,0) offset is removed upon hydration and the uptake of water

causes the adjacent perovskite blocks to eclipse above and below one another (something
not generally observed in DJ phases).?”

For the DJ and RP structure types, Bi-containing phases with thicker perovskite layers
(n > 3) are rare with only one report to our knowledge on KBi;Ti,O,5 (n = 4)?® and an
n = 5 analogue containing Pb, both reported as DJ-type phases.?®2 In the present work,
we reproduce the synthesis of KBi;Ti,O,5 and show that it is actually an n = 4 RP phase
of the formula K, ;Bi, ;Ti,0,5. This is consistent with the reported hydration behaviour

of “KBi;Ti 0,5”,%® which we also observe and fully characterise, giving the first detailed

picture of the structure of the intercalated water in an RP phase.

Experimental Section

Three samples were synthesised by the solid state method: KBi;Ti,O,5 and K, ;Bi, ;Ti,05
in stoichiometric ratios; and KBi;Ti,O,5 with 2 mol KNO;-excess as per Gopalakrishnan

et al.?® A ~15g sample of each was prepared by weighing stoichiometric amounts of KNO,



(Fluka, > 99%), Bi,0O; (Aithaca, 99.999%, dried at 750 °C for 20 hours before use), and
TiO, (Aithaca, 99.995%). A 2 mol KNO,-excess was used in one KBi;Ti,O,5 preparation to
test the suppression of the Aurivillius phase formation as suggested by previous authors.?
The reagents were ground in acetone to a homogeneous powder with a mortar and pestle.
The three mixtures were held in separate alumina crucibles and were heated to 750 °C for
8 hours twice in a muffle furnace with intermediate regrinding. Off-white coloured samples
were obtained for the stoichiometrically prepared samples. The KNOj-excess sample was
washed with distilled water and dried at 110 °C for 24 hrs which yielded a light yellow
powder. The polycrystalline products were analysed by X-ray powder diffraction (XRD)
for purity and preliminary structure analysis. The samples were then exposed to a humid
environment to form hydrated versions.

X-ray powder diffraction (XRD) was used to monitor the progress and purity of the
reactions. XRD data were obtained using a PANalytical X’pert PRO diffractometer in
Bragg-Brentano geometry using a sealed-tube source of Cu-K,, radiation (A,; = 1.5405 A,
A2 = 1.5443 A). Data were collected in the range 5° < 20 < 80° with a step size of 0.1313°.

Thermogravimetric analysis was carried out on a TA instruments TGA 2950 machine.
Approximately 10-20 mg of the hydrated sample were placed in the sample environment
chamber at room temperature and increased above reaction temperatures at a heating rate
of 2 °C/min.

Scanning electron microscopy (SEM) with energy dispersive X-ray (EDX) analysis were
conducted at the Australian Microscopy and Microanalysis Research Facility (AMMRF) at
the University of Sydney on a Zeiss EVO-50 Quemscan instrument equipped with a LaB;
gun and an EDX detector. Samples were pelletised to provide a smooth surface and coated
with 15 nm of carbon using an Emitech K550X sputter coater provided by the AMMRE. The
incident wave energy was set at 20 kV, appropriate to overcome energy barriers for atomic
edges, with a working distance ~20 mm.

Synchrotron X-ray powder diffraction (SXRD) data were obtained at the Australian Syn-



chrotron on the Powder Diffraction beamline.?® Samples were ground into very fine powders
and placed in 0.3 mm quartz capillaries for high-temperature measurements, or 0.3 mm boron
glass capillaries for room-temperature measurements. Data were collected in Debye-Scherrer
geometry at 13000 eV. The corresponding wavelength refined against a LaB; NIST standard
was A = 0.953296 (1) A. Data collection under non-ambient conditions was achieved using
a hot air blower. The temperature range was controlled between room temperature and 900
°C (5-10 °C steps, 5 °C/min ramp) with 2 x 120 sec (2 detector positions) acquisition time
at each step from 3° < 260 < 83°.

Neutron powder diffraction (NPD) data were obtained at the Bragg Institute, Australian
Nuclear Science and Technology Organisation (ANSTO), using the Echidna (high-resolution)
diffractometer.3! Powdered samples were sealed in 9 mm diameter vanadium cans and low-
, high- and room-temperature data were collected between 100 K and 1173 K with 2 hour
data collection at each step. A vacuum furnace was used for high-temperature measurements
and a cryofurnace was used for low-temperature measurements. The cryofurnace gave an
instrumental peak at 160° which was excluded from the refinements. Data were collected
between 2.75° < 20 < 164° at a wavelength A = 1.6215 A.

Rietveld refinements against XRD, SXRD and NPD data were carried out using the
GSAS?? program with the EXPGUI®? interface. Crystal structures were visualised using the
VESTA software program.!

Ab initio geometry optimisations (GO) and molecular dynamics (MD) calculations were
performed using density functional theory-based methods implemented in Vienna Ab initio
Simulation Package (VASP) code.®® Projector augmented wave (PAW) pseudopotentials®®
and the generalised gradient approximation Perdew-Burke-Ernzerhof (GGA-PBE)3" func-
tional were used. Sampling of the electronic structure in reciprocal space was performed at
the gamma point. Molecular dynamics (MD) trajectories were visualised using the Large
Array Manipulation Program (LAMP).3®

Hydrated K, ;Bi, ;Ti O3 H,O powders were pressed into 13 mm diameter pellets and



their surfaces lightly polished using dry sand papers (1200 grit). Contact surfaces were
carefully coated with gold using a DC sputtering instrument to achieve good electrical contact
for electrical property measurements whilst keeping the hydration state of the samples. The
dielectric properties were investigated in the intermediate frequency range of 300 Hz < f
< 500 kHz using a precision LCR metre (Agilent, E4980A) linked with a high-temperature
dielectric measurement furnace. The dielectric properties of the fresh sample were measured
first during the heating process up to 500 °C and on cooling to the room temperature. For
higher tempertures (>500 °C), the sample was polished to remove the gold electrode and
re-coated using Pd-Ag alloy paste. It was then heat treated at 450 °C for 15 mins in order

to remove any organic substrates and optimise electrical contact.

Results and Discussion

The compound investigated was previously identified as a DJ phase with hydration behaviour
consistent with the RP-type structure.?® A lack of Rietveld analysis in previous studies has
motivated us to reinvestigate the nominal composition and structure of this n = 4 layered
material. Of the synthetic scenarios tested, we found that Gopalakrishnan et al. were correct
in that the formation of KBi;Ti,O,5 in stoichiometric amounts was not possible due to the
overwhelming stability of the Aurivillius phase, Bi, Ti;O;,.?°> They proposed that the success
of forming the layered phase was highly dependant on suppressing the formation of this
Aurivillius phase with a large excess of K. However, we found that an n = 4 phase could be
formed not only in the 2 mol K-excess condition, but also the stoichiometric K, ;Bi, : Ti,O4
(which mimics a 1.5 mol K-excess rather than 2 mol K-excess scenario), previously reported
as an unsuccessful synthetic route.?® Figure 1 shows XRD patterns from samples reacted at
these two different metal atom ratios. Both show peaks characteristic of the formation of an
n = 4 layered phase, but the former also contains reflections of monoclinic a-Bi,O; marked

by asterisks (*). This suggests that the n = 4 phase composition is actually K, ;Bi, ;Ti,03,



consistent with an RP phase rather than a DJ phase.
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Figure 1: Laboratory XRD patterns of the tested synthetic scenarios. The top patterns
(including inset) are of the stoichiometric 2.5K:2.5Bi:4Ti condition. The bottom patterns
(including inset) are of the 3K:3Bi:4Ti (K-excess) condition used by previous authors. The
K-excess condition shows marked Bi,O5 peaks with asterisks (*).

SEM-EDX results show a homogeneous surface for regions on a pellet of K, ;Bi, ;Ti,0,5
with the backscattered electron (BSE) detector (Figure 2). Sampled EDX data collected
were averaged with the multiple points and areas of collection. Mapped composition regions
by EDX were normalised to four Ti atoms as shown in Table 1. The composition numbers
show an almost perfect 1:1 ratio of K:Bi and no significant deviation from the 2.5K:2.5Bi:4T1i
metal ratio, indicating minimal K-loss by evaporation. Overall, this suggests that the ratio
of reagents in the 2 mol K-excess condition does not fulfil the stoichiometric ratio of the
pure material. The chemical formula by these findings confirms the stoichiometric formula
Ky 5Biy 5 T1,03.

TGA was carried out on the hydrated sample K, ;Bi, ;Ti,0,5 - mH,0O. Figure 3 shows an
abrupt weight loss at approximately 110 °C, plateauing at higher temperatures. The ~1.8%
weight loss corresponds to one water molecule per formula unit, ¢.e., K, ;Bi, ;Ti,0;5 - H,O.

The fact that the dehydration temperature appears so low, suggests that the bonds formed



(@) SEM-EDX Pellet 1

11111

(b) SEM-EDX Pellet 2

Figure 2: SEM-EDX image from the BSE detector of a pressed pellet of the material. Dark
spots are graphite left from carbon coating. (a) is pin-point detection and (b) is the area
mapped composition.

Table 1: Averaged metal compositions normalised over Ti extracted from EDX analysis.

Stoichiometric K, ;Bi, ; Ti,0,4 | Pellet 1 | Pellet 2
K 2.427 2.409
Bi 2.437 2.446
Ti 4 4




between water and the crystal structure are relatively weak and that water mobility close to

this temperature should therefore be relatively high.
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Figure 3: TGA measured at a rate of 2 °C/min showing an abrupt ~1.8% weight loss
corresponding to one water molecule per formula unit of K, ;Bi, ;Ti,05.

Structural Analysis

The chemical results reported above indicate that the n = 4 formed by previous synthesis is
an RP phase rather than a DJ phase. This was confirmed by Rietveld refinements against
SXRD data. Our starting models used the Immm space group, commonly used to describe
layered perovskite materials, specifically Na,Ca,Nb,0,;.3% However, a significant improve-
ment in the fit was achieved by using the space group determined by single crystal analysis of
Na,Ca,Nb,0,5,%° orthorhombic Bb2;m (non-standard setting of C'mc2;, #36). Both space
group models were tested by Rietveld refinement and a better goodness of fit statistic (x?)
was achieved for Bb2;m as shown in Table 2. The accountability of allowed reflections, in
particular ~20° 260 observed in high-resolution SXRD data is improved in the Bb2;m model
over Immm (Supplementary Figure S1). Using a polar space group was also confirmed by

a strong signal in the SHG measurements, which is available in Supplementary documents.



The zero offset, atomic positions, isotropic atomic displacement parameters (ADPs), lattice
and profile parameters and metal occupancies were refined. The final refinement confirms
that the 2.5K:2.5Bi:4T1i reactant ratio, 7.e. K, ;Bi, ;Ti,0,4, produced a pure sample with no

obvious Bi,O4 impurity present.

Table 2: Fitting parameters extracted from SXRD Rietveld refinements. The higher resolu-
tion data provide a better fit for Bb2;m over Immm.

Parameter | Bb2ym | Immm
x> 18.36 21.89
Ry 0.0762 | 0.0832
R, 0.0539 | 0.0573
[ (a) ! ':‘ I Dehydr;ted n=4IRP phase -

(b) t Hydrated n =4 RP phase

Intensity (arbitrary units)

Figure 4: Room-temperature Rietveld refinements against SXRD patterns. Data are red
crosses, overlayed with the calculated pattern on top as a black line and the difference curve
underneath. Characteristic low-angle (00/) peaks are labelled to illustrate the expansion of
the stacking axis upon hydration. (a) The dehydrated phase in Bb2ym with refined lattice
parameters a = 5.5146(2), b = 5.5449(2), ¢ = 37.7812(14) A, V = 1155.28(13) A3. (b) The
hydrated phase in Pb2;m with refined lattice parameters a = 5.49977(13), b = 5.52665(13),
¢ = 20.8566(5) A, V = 633.94(4) A3. The fitting statistics for (b) are x*>= 8.951, R,,, 0.0526
and 1z, 0.0380.

The layered formula for RP phases indicates that there are two potassium ions in the

interlayer per formula unit. Charge neutrality is maintained by doping K for Bi on the A-site
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of the perovskite block, i.e., the formula could be better written as K,y[Bi, ;K s Ti,0,5]. This
is analogous to K/Bi co-occupancy on the perovskite A-site of K ;Bi, s TiO; (n = oo)*!42
and Na/Ca on the A-sites of Na,Ca,Nb,0,;.3%1° Hence, site occupancy was also refined to
determine if there was a preferred A-site for K/Bi co-occupancy. There are two distinct
A-sites as shown in Figure 5: the two equivalent A-sites towards the outer perovskite block
closer to the interlayer (A2); and the central/core A-site (Al). By Rietveld refinement a
preference was observed for A2 to have mixed K/Bi occupancy, with the central Al remain-

ing purely as Bi (Figure 5). As the refined values were close to the neutral composition

supporting our EDX results, the A2 site was fixed as 0.25K:0.75Bi and the A1 site as 1.0 Bi.

Dehydrated phase Hydrated phase

4 } Rock Salt Layer (K)
e

A2 site (Bi/K)
D<—AT1 site (Bi)

D & @<—A2 site (Bi/K)

Figure 5: A simplified drawing of the n = 4 RP phase in its dehydrated form (left) and
hydrated form (right). Blue polyhedra represent TiO4 octahedra with purple Bi atoms in
the A-site. K is represented in dark blue. Unit cell boundaries are outlined as black boxes.
Refinements show that A2 is a mixed K/Bi while A1 is purely Bi.

As shown in Figure 4, upon hydration there is a typical c-axis expansion observed by a
shift of (00/) peaks to lower 26 values. In addition, new peaks are observed for the hydrated
sample, indicative of a change from body-centered I (dehydrated phase) to primitive P
(hydrated phase). This removes the staggered offset of the rock salt structure between

adjacent perovskite layers in the dehydrated structure and halves the c-axis of the unit
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cell. Preliminary Rietveld refinements against SXRD data for the hydrated phase produced
a stable P structure with a significant gap between layers (Figure 5 right), which is the
presumed location of intercalated water.?” Although hydration is reported to occur in many
RP phases, interlayer re-centering is not observed in all hydrated RP phases.?"*3 The water
between the layers is assumed to be disordered.***> An appropriate model was constructed in
the Pb2ym space group based off of the original Bb2;m. Due to the insensitivity of SXRD for
lighter elements, the hydrated model was refined with an interlayer gap (no H,O molecules
present). Refinements in Pmmm did not account for the split peaks at ~20° 20 and failed
to converge. The statistics and Rietveld fit for the hydrated phase are shown in Figure 4(b).
Refining for A-site occupancies with this model for K, .Bi, ;Ti,0,5-H,O show that K/Bi
A-site preferences do not change, preserving the cation disorder in this system, as expected
given the mild condiction of (de)hydration.

The unit cell parameters reported in the caption of Figure 4 for both the dehydrated and
hydrated phases are in good agreement with what was previously reported by Gopalakrishnan

et al.?8

Phase Transition Behaviour

Many perovskite-type materials with d° cations octahedrally coordinated by oxygen have
been investigated for ferroelectric characteristics which can also be present in RP phases.
The room-temperature structures of both the dehydrated and hydrated n = 4 RP phases
were best modelled using Bb2;m and Pb2;m (polar) rather than Immm and Pmmm (non-
polar) respectively, suggestive of ferroelectric behaviour. In situ SXRD diffraction studies
revealed that the lattice parameters a and b converge in a continuous manner (Figure 6), in-
dicative of a second-order phase transition to a higher symmetry tetragonal phase, 14/mmm.
Sequential Rietveld refinements were carried out for lattice parameters, peak profile, zero
offsets, background and globally constrained isotropic ADPs for each temperature step. By

plotting the orthorhombic distortion (2 — 1) as an order parameter as shown in Figure 6,
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we observe that the transition is broad (shown by the plateauing of the order parameter at
higher temperatures) indicative of a relaxor-type transition.’® The derivative of the order
parameter (not shown) points to a T¢ of approximately 600 °C. Interestingly, perovskite-
type K, ;Bi, s TiO4 has been shown to display relaxor-type behaviour with a broad structural

transition and peak in the dielectric constant at 410 °C.4247
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Figure 6: Extracted lattice parameters from sequential Rietveld refinements of

K, ;Bi, ;Ti;O;5. The circles and squares represent the a and b lattice parameters of
K, ;Bi, : Ti,O,5 respectively, converging in the tetragonal I4/mmm phase (blue triangle).

Relaxor ferroelectrics, compared to conventional ferroelectrics, have ferroelectric domains
distributed across polar-nano-regions (PNRs), which transform at different temperatures,
resulting in a broad transition.*® K, ;Bi, ;TiO; was confirmed by in situ SXRD to have a
broad T¢ of approximately 410 °C.**47 K, .Bi, - Ti,0,; appears to have a significantly higher
T¢, indicative of a more distorted structure and implying enhanced ferroelectricity in the low
dimensional structure. Investigations in physical properties in relation to T are discussed
later in this article.

We used in situ diffraction methods to track changes in atomic structure associated with
the dehydration process observed by TGA. Figure 7 shows in situ SXRD data of a hydrated

sample heated from room temperature. The dehydrated phase completely dominates the
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Figure 7: Tracking the dehydration process of K, ;Bi, ;Ti,0,5 - H,O with SXRD.
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pattern above 115 °C, in good agreement with TGA. The sample shows good crystallinity
after dehydration, in contrast to reports for Sr-containing RP phases, which show significant
decomposition to SrTiO; and SrCO;.?" The dehydration in K, . Bi, - Ti,O,; appears to be
first-order, as expected given the reconstructive nature of the transition. A slight broadening
of hydrated phase peaks is evident in the 95 °C pattern in Figure 7, presumably due to the
loss of interlayer order following partial dehydration. After dehydration, the sample behaves

similarly to the original dehydrated K, ;Bi, . Ti,O,4 discussed above.

Local Hydration Environment

A number of RP phases have been shown to hydrate at room temperature and pressure, and
in the present work, we have shown that K, ;Bi,;Ti,O,; incorporates one water molecule
and changes from a body-centered (I) to a primitive (P) unit cell. In order to contribute to
the search for new materials for photocatalytic activity and potential proton conduction, it
is important to identify the atomic environment of the interlayer in the hydrated phase. Of
particular interest is the question of whether the phase contains intact H,O molecules, or is

hydroxylated, i.e, contains OH™ anions.
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It is known that the photocatalytic behaviour is enhanced in layered materials.® How-
ever, in the RP phases, crystal interactions with water have not been thoroughly investi-
gated. Generally, intercalated intact water molecules are assumed to be in a disordered
state with the oxygen atoms of interstitial H,O directly underneath apical perovskite oxygen
atoms. %1344 However, the reconstructive transition of the layers upon hydration suggests
that the H atoms of H,O molecules also have strong interactions with the perovskite layer
and might possibly be ordered in RP phases.

We attempted to resolve the hydration environment at room temperature experimentally
for K, ;Bi, ;Ti,O,5 - H,O using NPD. Low-temperature (100 K) NPD patterns were collected
in the hope of “freezing” the hydrated structure. Figure 9(a) shows a three-dimensional
difference Fourier map of the hydrated structure for a model containing no water, close
to its expected location. Peaks due to positive (O) and negative (H) nuclear scattering
are clearly resolved, with water molecules in a vertical orientation that suggests hydrogen
bonds to apical oxygen atoms of the TiO4 octahedra. H,O positions were refined in the
low-temperature condition while constraining the isotropic ADPs of the water molecule to
be equal (Figure 9(b)). The 100 K model was used as the starting model for the 300 K
refinement. The isotropic ADPs were refined but the H,O positions were fixed in this case.
The inclusion of water in the orientation inferred by our difference Fourier map significantly
improved the fitting statistics versus an interlayer gap as shown in Table 3, yielding relatively
high ADPs for water specifically (the refined U, values for H,O at 100 K is 0.106(15), and
300 K is 0.122(14)). A list of full phase parameters are found in the supplementary CIF files.

Final fits are shown in Figure 8.

Table 3: Fitting parameters extracted from NPD Rietveld refinements showing an improve-
ment by including a water molecule in the models.

100 K 300 K
Parameter | Interlayer Gap | Included H,O | Interlayer Gap | Included H,O
x> 1.359 1.211 1.694 1.244
Ry 0.0246 0.0231 0.0273 0.0234
R, 0.0194 0.0182 0.0211 0.0183
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Figure 8: Rietveld refined fit against NPD data for the hydrated phase at 100 K and 300
K in the Pb2;m space group. The refined lattice parameters at 100 K are a = 5.4979(18),
b = 5.5175(17), ¢ = 20.688(4) A, V = 627.6(3) A3 and at 300 K are a = 5.5066(17), b =
5.5261(17), ¢ = 20.758(5) A, V = 631.7(3) A3,
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Figure 9: (a) shows the difference Fourier map of the 100 K NPD Rietveld refined structure
for K, ;Bi, ;Ti,0,4 - H,O with no water included. Yellow peaks are positive and blue peaks
are negative. (b) is the final refined hydrated structure at 100 K inclusive of water.

Possible water coordination environments were also evaluated by DFT calculations. A
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unit cell was constructed of high symmetry (Pmmm) to simplify the model for visualisation
and modifications. The cell was doubled along a and b to accommodate up to four water
molecules (a fully hydrated crystal) in different local orientations. The mixed K/Bi site A2
was assumed to be fully occupied by Bi. Initial geometry optimisation (GO) tests started
with split water (ions HY and OH ™) among interstitial sites. However, intact water molecules
reformed, suggesting that those represent the lower energy state: i.e., the results suggest
K, ;Bi, s Ti,O45 - H,O rather than a hydroxylated phase.

A feature of the GO structure was the apparent presence of hydrogen bonds from the
positive dipole of water to the apical oxygens of the edge of only one perovskite block.
This is different to the orientation suggested by our difference Fourier map discussed above,
prompting a more detailed investigation into water orientation and behaviour. If water were
to exist as a molecular species, then its dipole orientation may be important in understanding
enhanced polarisation or the driving force for crystal re-centering in the observed RP phases.
Preliminary molecular dynamics (MD) calculations were performed at varying temperatures
with different amounts of water in orientations suggested by GO.

Feasible low-energy superstructures were then created using the same doubled unit cell
in a and b (2x2x1) in Pmmm. One set of models consisted of the water molecules hydrogen
bonding in a “v’-shaped manner forming hydrogen bonds to apical oxygens and bridging
across A-sites of the rock salt layer. The lowest energy form of this model had water molecules
arranged in an alternate up-down fashion in the ab-plane (shown in Figure 10(a)). The
second set of models had the water molecules in vertical orientations (“pillared”). A lower
energy converged with some of the “pillared” water molecules orthogonal to their nearest
neighbours in the ab-plane, bridging between perovskite blocks (shown in Figure 10(b))
modelling a disordered water environment. This indicates that water molecules do not have
a preference to all align along either the a or b axes, and in the real structure are probably
randomly aligned.

The calculated ground state energies from GO calculations showed that the “pillared”

17



(b)

-697.88075 eV -700.05328 eV

Figure 10: The lowest energy forms of the fully hydrated structure, from GO calculations.

[1h)

(a) Water molecules hydrogen bonding in a “v”’-shaped manner forming hydrogen bonds to
apical oxygens and bridging across between A-sites of the rock salt layer. (b) Water in a
vertical orientation (“pillared”) pointing in the same or different directions relative to each
other.

water model has a significantly lower energy ground state (~2.17 eV or 21.7 meV/atom
difference). The energetically favoured pillaring of water closely resembles our difference
Fourier maps and refined structures above (Figure 9(b)).

Despite the result that vertically “pillared” H,O represents the most probable ground
state of the system, Rietveld refinements including this water configuration against NPD
data still failed to converge. This suggests that the actual water configuration is disordered,
either statically or dynamically. In order to test for potential splitting of water into ions
in a dynamical process (important for photocatalytic and proton conduction mechanisms),
water dynamics were investigated by MD simulations beginning with our GO supercells of
K, ;Bi, ;Ti O3 - HyO. MDs were calculated with 1 fs time-steps over a 20 ps trajectory at
100, 298, 363 and 673 K.

The ellipsoids in Figure 11 represent the space explored by water molecules over the

course of a given MD run with a semi-ordered water environment. At room temperature and
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Figure 11: Extracted ellipsoids of the water molecules only with increasing temperatures from
left to right. Top row is a view along (0-21) showing the progressive increase in ellipsoid
volume with temperature. Bottom row consists of corresponding projections along (001)
showing the rotations about the c-axis of “pillared” water.

above, the system has enough heat to overcome an energy barrier allowing observable water
rotations about the c-axis suggesting that this motion has a relatively small energy cost. At
the (physically unrealistic) temperature of 673 K there is enough thermal vibration for water
to freely rotate while water molecules remain intact and H-bonded to apical oxygens. The
incomplete rotation of ellipsoid clouds at 298 and 363 K in the projection along the (001)
plane suggests either geometrical constraints due to an orthorhombic unit cell (a # b), or
the limitations of running simulations in a finite unit cell. Further investigations using more

complex MD models and quasi-elestic neutron scattering are underway.

Dielectric Measurements

All structural models for this n = 4 RP phase have been supported by improved statistical
fits in Rietveld refinements with a polar space group, fundamental to ferroelectric properties.
Conventional methods to test for ferroelectricity failed due to the requirement of ultra-dense

pellets (> 95%), which could not be prepared (K, Bi,Ti;O;5-H,0O cannot be sintered
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without dehydrating). Thus, dielectric properties for a fully hydrated sample were probed.

This will provide valuable information on its conduction behaviour and dynamic polarisation

m situ.
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Figure 12: Dielectric measurements of a pelletised K, ;Bi, ;Ti,0,5 - H,O with gold paste elec-
trodes at various frequencies with increasing temperature. (a) The temperature dependent
plot of the dielectric constant (e,) versus temperature, shown on a logarithmic scale in (b),
and (c) the logarithm scale of the dielectric loss (tand).

Our first observation in Figure 12(a), is the large dielectric constant at room temperature
and at high temperature. The logarithmic scale (Figure 12(b)) highlights three peaks in the
temperature-dependent dielectric spectra. The first peak in the vicinity of room temperature
corresponds to two different polarisation mechanisms (that cannot be de-convoluted) which
can be related to water mobility by a frequency dependent shift (300 Hz - 500 kHz). The
dielectric curves below 50 °C can be assigned to absorbed surface water (slight weight loss
in TGA, see Figure 3) and those below 110 °C to crystalline water. The presence of water
causes a considerable increase in both dielectric constant (e,) and loss (tand). This is much
higher than for its perovskite-type counterparts because polar water is capable of aligning
itself under an applied electric field making a large contribution to €,. Such an alignment

also dynamically affects the electron state density distribution of surrounding atoms and
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subsequently changes the polarization. During the heating process, the water molecule will
migrate significantly (dehydration), which corresponds to the rapid decrease of €, and tand.
The temperature at which this structural transition occurs is in good agreement with TGA
and n situ SXRD results shown above, corresponding to the second transition in dielectric
measurements from ~110 °C to ~200 °C visible on the logarithmic scale. This feature
appears to be reversible as it is also apparent in the cooling curve, but as a smaller feature
and at a lower temperature. This may indicate the start of the slow hydration process at
the surface of the sample and hysteretic behaviour in hydration/dehydration temperature.
Above 200 °C, a small shoulder is observed at 250 °C during the heating process, but this
is not obvious on cooling. This may be related to irreversible ionic defects such as small
oxygen vacancies in the structure®” post crystal reconstruction, increasing ionicity.

Above 250 °C we see a continual increase in both ¢, and tand up to the limit of the gold
electrode (~500 °C). Although the dielectric constant follows the same trend with different
frequencies, tand (dielectric loss), shows less frequency-dependence, presenting an almost
plateauing behaviour as the temperature approaches the high-temperature structural phase
transition as determined by structural refinements. This suggest two possible contributions
to the observed dielectric behaviours in the high-temperature range: polarisation due to
ionic migration due to the increased heat in the system; and polarisation originating from
the broad, phase transition, which is consistent with the proposed relaxor nature of the
material determined by in situ diffraction measurements. These two mechanisms compete
against each other, with the structural phase transition dominating as the temperature
approaches T¢, minimising the further increase of the dielectric loss arising from the ionic
migration contribution. To elucidate the high-temperature transition, a sintered sample with
Pd-Ag paste was measured up to synthetic temperatures (~750 °C). The completion of the
high-temperature transition is shown in Figure 13 at ~ 600 °C, which is broad indicative of
relaxor behaviour as suggested by our in situ diffraction results.

The relaxor nature of the structural phase transition is reminiscent of the closely re-
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Figure 13: Dielectric measurements of a pelletised K, ;Bi,;Ti,0,5 with Pd-Ag paste elec-
trodes at various frequencies with increasing temperature. (a) The temperature dependent
plot of the dielectric constant (e,.) versus temperature, shown on a logarithmic scale in (b),
and (c) the logarithm scale of the dielectric loss (tand).

lated perovskite K, ;Bi, ;TiO4 discussed earlier in relation to the in situ diffraction anal-
ysis above.*?47 For in situ diffraction and the current dielectric measurements, the T¢ for
K, 5Bi, s Ti,O,4 is significantly higher than the perovskite with a corresponding €, of ~3000
at 1 kHz, which is remarkably close to the perovskite K ;Bi, ;TiO4 fo rthe same frequency
range.*” This finding is contrary to other studies on layered perovskite phases where the T¢
for perovskite compounds is significantly higher. Ferroelectric layered perovskites minimise
the cooperative interaction of oxygen octahedra perpendicular to the perovskite layers due
to the disruptive presence of their interlayer space, which is important for ferroelectric order-
ing. Increasing the number of layers (from n = 1) increases this cooperative effect, favouring
ferroelectric properties, which should therefore be largest in the n = oo compound.*®4?
Studies have shown that as n values increase, so do the relative dielectric constants, with n
= 0o having the largest response.?*® In order to explain our result, one must consider the
structural composition of the perovskite-only environment in both n = 4 and oo.

On average, the perovskite layer in the RP phase (when calculated using a unit cell

22



from one outer TiO4 octahedron to another), has 0.625 Bi per Ti, whereas the perovskite
has 0.5 Bi per Ti. The RP phase is able to accommodate a higher Bi:Ti ratio due to its
structural flexibility in compensating for charge neutrality elsewhere in the unit cell (rock
salt-type layers). Due to the asymmetric nature of the Bi*" cation, the perovskite block in
the RP phase would exhibit enhanced distortions compared to the pure perovskite phase
hence an observed higher T despite the latter having enhanced oxygen cooperative effects.
However, comparing the two materials across common frequencies present in this work and

those measured by Bengagi et al.,*

it appears that at increasing frequencies, the layered
¢, rapidly diminishes whereas the perovskite decreases relatively slightly. This appears as a
dynamical lag exhibited by the layered structure and can be explained by a lack of the three

dimensional cooperative phonons in K, ;Bi, ;Ti,O.

Conclusion

A new highly ordered Bi-containing Ruddlesden-Popper phase, K, ;Bi, . Ti,O,54, has been
prepared by solid state synthesis. It has been shown to readily uptake precisely one water
molecule per formula unit at room temperature and pressure (accelerated under humid at-
mospheres) forming K, :Bi, ;Ti,0,5 - H,O. Both phases have been characterised by Rietveld
refinement against high-resolution synchrotron and neutron powder diffraction data, which
show that the structure consists of a quadruple stacked (n = 4) perovskite layer with K-ions
occupying the rock salt layer and its next nearest A-site. The hydrated sample was shown
to remove the offset of adjacent perovskite layers present in the dehydrated sample. Using
ab initio computational methods, we have shown that the water environment consists of
intact water molecules in a vertical “pillared” arrangement bridging across the interlayer
space. This is supported by difference Fourier maps in low-temperature neutron diffrac-
tion refinements. Rotations of water molecules about the c-axis were evident in molecular

dynamics calculations, which increased in rotation angle with increasing temperature. In
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situ diffraction methods point to a broad structural phase transition consistent with relaxor
behaviour from orthorhombic to tetragonal at T ~600 °C. A corresponding broad transi-
tion in the dielectric constant was observed in impedance spectroscopy measurements. This
Ruddlesden-Popper structure displays a higher T compared to its perovskite analogue due
to its relative Bi-rich composition in the perovskite unit. The dielectric constant appears to
rapidly decrease with increasing frequency due to a lack of three-dimensionality. It is also
evident that water has a significant contribution to the dielectric constant, which disappears
after dehydration. Further investigations in potential proton conduction measurements and
deuteration experiments are considered for extending this work. Photocatalytic properties
of this n = 4 RP phase has not been tested, although a closely related n = 5 DJ phase has
been investigated.? This work along with other hydrous metal oxide materials may well be
worth pursuing further in light of the structural results presented here. Future studies are

underway to apply similar investigative methods to other hydrated RP compounds.
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