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ABSTRACT: Intercepting metastable phases by chemical ap-
proaches is an important solution to explore structural varieties of
functional materials under positive/negative pressure, as para-
digmatically exemplified by the polymorph modification in
Li,TiTeO4 Here, we stabilized a novel metastable Li,TiTeOg4
(denoted as y-phase) in the ordered-ilmenite-type R3 via facile
topotactic reaction from Na,TiTeO, which was found to
crystallize in R3 instead of the reported R3 structure. The
calculated equilibrium volume of y-Li,TiTeOg is larger than that of
the ground-state Pnn2-Li,TiTeOy4 (denoted as a-phase), indicating
that y-Li, TiTeOg can only be stabilized under “negative pressure”
quantified to be around —6 GPa. The y-phase irreversibly
transforms into the a-phase around 560 °C under ambient
pressure, accompanied by a steep increase (~S00 times) of the
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second harmonic generation (SHG), indicating a potential

application of y-Li,TiTeOg as an optical thermometer. These findings elegantly show that chemical pressure as well as physical
pressure is powerful to tune the polymorphs for metastable phases and exotic properties as paradigmatically exemplified by
Li,TiTeOg, which undergoes consecutive polymorph tuning of y (—6 GPa), a (0 GPa), # (6 GPa, R3-Ni;TeOy type), and & (40
GPa, predicted P21/n double perovskite) phases with densified atomic packing.

Bl INTRODUCTION

It is common sense that structures decide properties.
Therefore, it is important to seek more polymorphs for a
given chemical formula and discover more exotic physical
properties.” High-temperature solid-state reaction is a conven-
tional and important way for synthesizing functional materials,
which however usually produces only thermodynamically
stable phases and skips the intriguing metastable phases. As
shown in Figure 1, high-pressure and high-temperature
synthesis is one of the effective ways to obtain metastable
polymorphs with higher density (smaller cell volume per
formula unit).>~* For instance, metastable NayCl and NaCl,
with novel stoichiometries are obtained by compressing NaCl
and excess sodium or chloride up to 80 GPa.” Nonpolar C2/m
CuNbO; transforms to a metastable ferrielectric perovskite-
type structure upon quenching at 1273 K under 12 GPa.’
However, on one hand, high-pressure synthesis may ignore the
metastable phases with larger volumes (lower density) than
those of the relatively stable ones, since physically, high
pressure mostly causes compressing effect (volume contrac-
tion). On the other hand, some metastable phases may be
unquenchable from high pressure to ambient pressure.
Moreover, high-pressure experiments are of high cost and
low yield, making it hard to realize large-batch production for
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applications. Therefore, it is important to intercept metastable
phases using the more feasible chemical ways (chemical
pressure).”

There are four commonly used chemical approaches (Figure
1) to stabilize metastable polymorphs, including solid-solution
(bulk trapping, Figure la)," '" topotactic reaction (ionic
exchange, Figure 1b),"' ™" interfacial strain (epitaxial growth,
Figure 1c),""'® and nanoparticles (surface energy effect,
Figure 1d)."”7*° (a) Solid-solution strategy is effective to trap
metastable phases in the (locally) isostructural matrix and tune
the physical properties by modulating the ionic ordering
degree, where the lattice mismatch between the host and guest
phases evokes volumetric compression/expansion to capture
the metastable phases.**"** (b) Topotactic ion exchange is a
chemical approach that replaces cations, anions, or ionic
groups with new ones under relatively mild conditions, without
breaking the original structure frameworks. This approach is
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Figure 1. Physical and chemical schemes to intercept metastable phases. There are four ways of chemical interception, namely, (a) solid solution,
(b) topotactic interception, (c) interfacial strain, and (d) nanoparticle. The inset formula in (d) means the total Gibbs free energy (Gro) is

composed of bulk (Gpy) and surface energy (%, where 6, V, and d represent specific surface energy, volume, and particle size, respectively).

Phases I-III successively become the most stable phase as particle size decreases.

usually applied for pseudo-two-dimensional (2D) or one-
dimensional (1D) materials because of their low energy
barriers of ionic migration, except for NiysTaO;>’ and
Lig, Fey 4sNbWO,,** the only two reported topotactic products
from three-dimensional (3D) close-packed precursors. 3D and
quasi-2D perovskite derivatives, such as the Ruddlesden—
Popper, Dion—Jacobson, and Aurivillius type phases, could
transform into one another by manipulating ion-exchange
reactions.”””*” LiSbO,, which derives the structure of Pnn2-
Li,TiTeO4 (LTTO, hereafter denoted as the a-phase) with
ordering the Sb** site to two alternatively arranged cations, can
transform to a denser LINbO;-type phase at 7.7 GPa and adopt
a less dense ilmenite-like monoclinic phase (with slight gliding
of SbOg4 octahedron layers) by the topotactic reaction.’””'
Here, ion exchange is successful in obtaining metastable phases
only existing under “negative pressure” (cell expansion). (c)
Epitaxial growth of metastable structures can be realized by
interfacial lattice mismatch between the epitaxy and sub-
strate.”” The polar polymorph of ScFeO, prepared at 6 GPa in
bulk has been successfully stabilized at ambient pressure on the
SrRuO;/SrTiO; substrate.”® Some composite thin films are
exposed to in-plane and out-of-plane strains from heteroge-
neous surfaces at the same time, and the metastable phases are
hence stabilized in three demensions.">** (d) Nanomaterials
possess a large specific surface area compared to their bulk
analogues. At the nanoscale, the surface energy (66V/d, o, V,
and d are specific surface energy, volume, and particle size,
respectively) plays a critical role in the total energy (Grog) 0
that it may overcome the energy difference between stable
(Gpai) and metastable phases and thus stabilize the metastable
phases in nanoscale at ambient pressure.”>*® For instance, a-
Fe,O; can subsequently transform to metastable f3-Fe,O; (50
nm), &-Fe,0; (30 nm), and y-Fe,O; (8 nm) as the particle size
decreases.'” All these chemical interception routes have their
unique features suitable for different applications and are
widely applied to exploit metastable phases. Among all of the
above-mentioned approaches, topotactic ion exchange is the
most facile route for scaled-up yield and practical applications.
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In this work, we take LTTO as an example, to paradigmati-
cally illuminate the function enhancement by polymorph
engineering via positive physical pressure (hydraulic pressure)
and negative chemical pressure (topotactic reaction). LTTO
was found to transform from stable Pnn2 (a) to metastable
Ni;TeO4 (NTO)-type R3 () under high pressure (6 GPa)
upon temperature quenching as predicted.”” Given the similar
chemical compositions and local structure between S-LTTO
and Na,TiTeO; (NTTO), it is thus expected to obtain a
metastable LTTO phase via the topotactic reaction. Here, we
revisited the structure of NTTO and found out that NTTO
adopts the ordered-ilmenite (OIL)-type R3 structure rather
than the reported ilmenite (R3) symmetry. A new OIL-type
metastable y-LTTO was obtained by low-temperature top-
otactic ion exchange from NTTO. The crystal structure,
thermal stability, and physical properties of this y-phase were
extensively studied, which went through a first-order phase
transition to the a-analogue when heated up to 560 °C at
atmospheric pressure, accompanied by an irreversible and
intensive increase of the second harmonic generation (SHG)
intensity by about 500 times. A much denser P21/n perovskite
polymorph of LTTO (denoted as the §-LTTO) was also
predicted around 40 GPa. Here, we denote the ambient
pressure phase (Pnn2), high-pressure phase (NTO-R3),
topotactic exchange phase (OIL-R3), and predicted mono-
clinic structure of LTTO by a-, -, y-, and 6-LTTO,
respectively, for convenient discussion.

B EXPERIMENTS AND METHODS

Polycrystalline NTTO was synthesized by a conventional solid-state
reaction using stoichiometric Na,CO; (99.99%, Aladdin), TiO,
(rutile, 99.99%, Macklin), and TeO, (99.99%, Aladdin) according
to the literature.®® The raw material mixture was homogeneously
ground and heated up to 600 °C for 12 h to completely oxidize Te*"
to Te®. The precalcined powder was ground again for a
homogeneous distribution before being heated at 700 °C for 12 h
to obtain NTTO. The as-made NTTO precursor was mixed with
LINO; (99.99%, Aladdin) at the molar ratio of 1:10 with fine
grinding. The mixture was reacted at 400 °C (heating rate of S °C/
min) for 24 h for a thorough exchange of Na* with Li* to form LTTO,

https://doi.org/10.1021/acs.chemmater.2c02957
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followed by natural cooling. The resulting products were washed with
pure water and then centrifuged to remove excess LINO; and the
byproduct NaNOj; before being dried at 70 °C in the atmosphere.

The phase purity and crystal structure of NTTO were characterized
by powder X-ray diffraction (PXD) using Empyrean PANalytical
equipped with a Cu target (1 = 1.5418 A). The phase and structure
information of LTTO were examined by synchrotron powder X-ray
diffraction (SPXD) on the beamline BL14B at Shanghai Synchrotron
Radiation Facility (SSRF) with a wavelength of 0.68993 A. The in situ
variant-temperature PXD of LTTO was measured by a Rigaku
SmartLab diffractometer equipped with a Cu target (1 = 1.5418 A).
The diffraction data were refined with the Rietveld method using the
TOPAS software package.”” The powder SHG measurements were
performed by a homemade optical system equipped with an exciting
light source of fiber laser (NPI LASER Co., Ltd., 1064 nm, 20 MHz,
15 ps), for which the powder samples were sieved to obtain grain size
ranging from 25 to 45 um. As for temperature-dependent SHG
measurements (Figure S1), the powder sample was placed in the
Al,O; sample holder and heated inside a circular column-like furnace.
The temperature is determined by a thermocouple close to the
sample. The laser produces incident light of 1064 nm. The emission
light of doubled frequency, 532 nm, is detected by a photomultiplier
tube. The charge-coupled device (CCD) is for observing the sample
and focusing. The elemental analyses of LTTO and NTTO were
performed by an energy-dispersive spectrometer (EDS) equipped
with a scanning electron microscope (SEM, GeminiSEMS00 and JSM
7900F). The differential scanning calorimetry (DSC) measurements
were performed with a NETZSCH DSC 404F3 instrument.

The internal energy—volume (E—V) curves of LTTO and NTTO
were computed with density functional theory (DFT) using the
Vienna Ab initio Simulation Package (VASP)* to evaluate the
pressure-dependent phase evolution. The structural relaxations were
carried out using generalized gradient approximation (GGA)
implemented in the Perdew—Burke—Ernzerhof (PBE) method*' as
the exchange-correlation function until the forces converge to 0.01
eV/A. The plane-wave basis set was employed with a cutoff energy of
700 eV. A T"-centered k-point grid of 9 X 9 X 9 was used for sampling
in the Brillouin zone. For y-LTTO, Ti and Te are highly disordered in
two 3a Wyckoft sites. To realize structural optimization for y-LTTO
and NTTO using DFT, Ti and Te were set to individually occupy the
two 3a sites in the initial structure models for calculations, which did
not break the symmetry of the OIL-type structure. The obtained E—V'
curves were fitted with the Murnaghan equation of state (EOS)** to
calculate the equilibrium volume (V) for each LTTO polymorph.

B RESULTS AND DISCUSSION

Structural Characterization of NTTO and LTTO.
NTTO is a high dielectric material that has been reported to
adopt the ilmenite-type R3 structure and transform to a P21/n
perovskite-type phase after high-pressure and high-temperature
treatment at 7 GPa and 950 °C.** In this study, we
reinvestigated the structure of the NTTO precursor to fully
understand the structure of y-LTTO, the topotactic exchange
product of NTTO. The as-obtained NTTO precursor was first
confirmed to be pure with stoichiometric ingredient by
laboratory PXD (Figures 2a and S2a in the Supporting
Information) and EDS (Figure S3a) measurements, giving
nominal formula of Na,Tijgg(1)Te;00(1)Os. Therefore, the
molar ratio of Ti and Te was constrained to be 1:1 during
the subsequent structural refinements. As shown in Figure 2c,
the SHG intensity of NTTO is proportional to the square of
incident light power and comparable to that of KH,PO,
(KDP), which indicates the SHG activity and noncentrosym-
metry of NTTO. These findings corroborate that the reported
R3 structural model of NTTO is improper,”® although the
goodness of fittings seems reasonable (Figure S4 and Table
S1). Accordingly, the actual noncentrosymmetric structure of
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Figure 2. Rietveld refinement results of (a) NTTO and (b) y-LTTO.
The red circles, black lines, gray lines, and blue ticks are the observed,
calculated, difference, and index signals, respectively. The insets are
the crystal structures of NTTO and y-LTTO in (a) and (b),
respectively. The spheres in green, yellow, blue, brown, and red
represent Li*, Na*, Ti*", Te®, and O, respectively. (c) Comparison
of the SHG intensities of y-LTTO, NTTO, KDP, and the blank
sample holder versus the squares of incident laser power.

NTTO should be similar in atomic coordinates to the R3
structure, which prompted us to resort to the OIL-type R3
structure.”’ The decent refined results are shown in Figure 2a
and Table S1. The obtained acentric structure has the same

https://doi.org/10.1021/acs.chemmater.2c02957
Chem. Mater. 2022, 34, 10153—-10161


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c02957/suppl_file/cm2c02957_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c02957/suppl_file/cm2c02957_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c02957/suppl_file/cm2c02957_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c02957/suppl_file/cm2c02957_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c02957/suppl_file/cm2c02957_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c02957/suppl_file/cm2c02957_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02957?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02957?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02957?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02957?fig=fig2&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c02957?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

(a) (b) P (GPa)
-61.44 —— R3-0IL 551 38.8 265 17.0 95 3.6 -1.1 50 -8.1 -10.7-12.8
61.61 —e— Pnn2 -60.5 T T T T T T
61'8 —+— R3-NTO 61.0 6GPa’ !
AR —v—P2,/n 6151 —a—y-LTTO (R3-OIL) !
_ -62.01 62.0 —e—a-LTTO (Pnn2) !
® 6221 625 —— BATTO (RANTO) |
< 630 —v—0-LTTO (P2,/n) '
W 624 ) :
L 6351 ;
-62.6 -64.0 H
-62.8 645 H
-63.01 . -65.0 1 EE102,3Al i V, (NTTO, R3-OlL)|
V, = 129.80 A% 65.5 H .
-63.2 T T T i T 30 i 3
100 110 1200 130 140 o s 50 19(‘:.91?)0"&103;21'61111%?150 155 130
3
V (A¥formula) V (A¥formula)
() =P NTTO Route = —Pp LTTO Route
7 GPa, 1223 K

P

B-R3-NTO

y-R3-OIL

Figure 3. (a) E—V curves of NTTO in R3-OIL (black line), Pnn2 (red line), R3-NTO (blue line), and P21/n (purple line). (b) E-V curves of y-
LTTO (black line), a-LTTO (red line), -LTTO (blue line), and 5-LTTO (purple line). The equilibrium volumes are pointed out by the dotted
lines with the corresponding colors, and the values of Vj, are labeled with the same color. The top axis demonstrates the P—V relation referenced to
a-LTTO. The red star symbol in (b) repeats the equilibrium volume of NTTO in R3-OIL for clear comparison. (c) Schematic phase transition

flows of NTTO (blue arrows) and LTTO (red arrows).

cell dimension as that of the originally proposed R3, giving a =
5.21725(4) A and ¢ = 15.8262(2) A. In this OIL-type NTTO,
the honeycomb-like layers are composed of edge-sharing LiOg4
octahedra alternatively stacking with those built by (Ti/Te)Og
octahedra along the c-axis, as the motifs observed in
Li,GeTeO4** B-Mn,InSbOg,** Mn,LiReOg,*® and
Mn,FeMoO,.*” Structurally, the atomic coordinates of 3a
and 9b sites in R3 are equivalent to those of 6¢ and 18f sites in
R3, respectively, within the accuracy of the Rietveld refine-
ments as shown in the insets of Figures 2a and S4, which
implies that the atomic coordinates of NTTO in R3 still
comply with those of the R3 symmetry. Nevertheless, Ti and
Te are homogeneously and randomly distributed throughout
the reported R3 structure. In contrast, the Ti/Te occupancies
are unequal in the two 3a sites in the OIL structure, which
results in the absence of an inversion center and well explains
the presence of SHG activity in Figure 2c. As a result, NTTO
conclusively adopts the OIL-type R3 structure with a Ti/Te
ordering degree of 8% (occupancy of 0.540(16)/0.460(16))
rather than the reported ilmenite-type R3 structure. We also
calculated the E=V curves of the OIL-type and P21/n NTTO
along with the Pnn2 and NTO-type structures reported for
LTTO. As shown in Figure 3a, with volume contraction, the
energy of the OIL-type structure becomes higher than that of
the P21/n structure in NTTO, while the energy of Pnn2 and
NTO-type structures are too high for them to be driven by
high pressure. The calculation results of different NTTO
polymorphs predict the OIL to P21/n transformation under
high pressure, which is in good agreement with the
experimental discovery,”® and further verify the ambient
structure of NTTO to be OIL-R3 rather than the ilmenite R3.
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7-LTTO is the topotactic ion-exchange product of NTTO,
thus it is expected to inherit the structural framework of
NTTO with Na* replaced by Li*. PXD measurements proved
the purity and cell dimension of the as-made y-LTTO (Figure
S2b). Elemental analysis by EDS confirms the thorough
replacement of Na® by Li* and gives a nominal formula of
Li, Tiggs(1)Te1.001)Os as shown in Figure S3b. The SHG
activity of y-LTTO in Figure 2c¢ further corroborates its
acentric structure nature. Thereby, the SPXD data were refined
in the OIL-type R3 structural model. The overall molar ratio of
Ti and Te was restricted to 1:1 according to the EDS results.
The refinement results and crystallographic details are shown
in Figure 2b and Table S2. The refined OIL structure gives a =
5.11601(4) A, ¢ = 14.30863(19) A, and V = 324.333(7) A%
The Ti/Te ordering degree in y-LTTO is 13% (occupancy of
0.562(19)/0.438(19)). The unit cell volume of y-LTTO is
13.06% smaller than that of the NTTO precursor (373.068(8)
A3) due to the ionic radius difference between Na* (1.02 A,
sixfold coordination) and Li* (0.76, sixfold coordination).*®
The crystal structure of this topotactic y-LTTO phase is shown
in the inset of Figure 2b, which is isostructural to the OIL-type
NTTO but with a slightly different cationic ordering degree.

Universal Pressure-Dependent Polymorph Modula-
tion. Seven polymorphs are known for the exotic perovskite-
related A,BB’'O4 compounds, among which Li,BTeOg are
more likely to crystalize in R3-OIL, Pnn2, R3-NTO, and P21/n
structures.”” Here, the E—V curves for the above four possible
polymorphs were computed for LTTO using DFT, as shown in
Figure 3b, where the a-phase (Pnn2) is the most stable one
with the lowest internal energy at V, (ambient pressure),
docking on the energy convex hull of the phase diagram
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Figure 4. (a) In situ temperature-dependent SHG intensity of y-LTTO. The red solid line represents the intensities up to 680 °C before
decomposition, after which the sample was cooled to room temperature presented by the blue solid line. The black line represents the intensities of
the sample heated up to 780 °C, where the sample is decomposed. (b) DSC measurement result of OIL-type LTTO. (c) In situ variant-
temperature PXD pattern of y-LTTO upon heating. The data after measurements are placed on the top for comparison. Blue lines represent the y-
phase; gray lines represent mixed phases; purple lines represent the a-phase. (d) Temperature-dependent evolution of the lattice parameters of
LTTO. The blue region represents the y-phase; the white region represents mixed phases; and the purple region represents the a-phase. The red
symbols represent the cell parameters of the a-phase cooled down to room temperature.

(thermodynamically stable phase)*” and can be synthesized by
the conventional solid-state reaction at ambient pressure.’’
The energy of the f-phase (NTO-type R3) becomes lower
than that of the a-phase above 6 GPa as has been
experimentally validated in our previous work.”” As the volume
becomes smaller than 82 A3/formula unit, P21/n is the most
stable phase, suggesting that #-phase will further transform to a
perovskite P21/n structure (hereafter denoted as &-phase)
above ~40 GPa. In contrast, y-phase (OIL-type R3) with the
largest V, (111.5 A*/formula unit) is metastable all the way
from its V, down to the minimum volume within our
calculation range, which means this metastable phase cannot
be obtained by high-pressure synthesis. Figure 3b indicates that
the y-phase becomes more stable than the a-one upon
volumetric expansion, namely, the y-phase may be stabilized
under “negative pressure”, which can only be achieved by
chemical methods, such as solid solution, interfacial strain, or
ionic exchange in this work, initiated by lattice mismatch.
When it comes to the pressure effect on the volume of a lattice,
“negative pressure” brings volumetric expansion. In this work,
the calculated equilibrium volume of NTTO is around 129.80
A’/formula (Figure 3a), which locates at the “negative
pressure” range in Figure 3b, where the R3-OIL structure is
more stable than the Pnn2 polymorph. In other words, the
larger ionic radius of Na® than that of Li" as well as the
resulting expanded cell volume introduces “negative pressure”
into the lattice and thus stabilizes the R3-OIL structure. Then,
via a low-temperature topotatic ion-exchange reaction, the
“negative pressure” is driven to transfer from NTTO to the
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LTTO lattice and the R3-OIL structure is preserved during the
substitution of Na* by Li*. To quantify the “negative pressure”,
we constructed the P—V relation using the parameters
obtained from Murnaghan EOS fitting of the E—=V curve of
the a-phase so that the corresponding pressure of each volume
could be read at the top axis in Figure 3b. Here, y-LTTO is
intercepted as a metastable phase under ambient pressure by a
more facile chemical method, inducing a negative chemical
pressure of around —6 GPa based on the P—V relation of the
a-phase regarding the energy-crossover volume of Pnn2 and
R3-OIL.

Thus far, there are four polymorphs of LTTO, namely, the
thermodynamically stable a-phase (Pnn2, Figure S5a),>" the
metastable f-phase (NTO-type R3) quenched from high-
temperature and high-pressure synthesis (Figure S5b),”” and
the new y-LTTO (OIL-type R3) obtained from the low-
temperature topotactic reaction in this work (the inset of
Figure 2b). The fourth predicted 5-LTTO (P21/n) phase has
not been experimentally prepared yet and needs further
investigation. The equilibrium volumes of LTTO decrease
successively in the order of y-, a-, -, and 6-LTTO. A similar
volume—polymorph evolution trend has also been observed in
NTTO (Figure 3a) and other Li,BB'O4 compounds;”’ to the
best of our knowledge, this seems a common rule of
equilibrium volumes of different polymorphs for nonmagnetic
exotic perovskite-related compounds. The polymorph tran-
sitions of LTTO and NTTO are schematically exhibited in
Figure 3c. Theoretically, the high-pressure phase favors higher
density as observed in LTTO. The calculated density of LTTO
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increases from 3.95 g/ cm® for the y-phase to 4.39, 4.94, and
5.93 g/cm® for the a-, f-, and S-polymorphs, respectively.
These findings clearly show that if the volume/formula unit of
a metastable polymorph is smaller than that of a stable phase,
then it could be possibly stabilized by high-pressure synthesis.
Otherwise, the metastable phase should only be intercepted by
chemically induced “negative pressure” (volumetric expan-
sion). Thereby, chemical interception like topotactic reaction
is an excellent and complementing way to approach a
metastable phase for solid-state functional materials to realize
practical applications.

Temperature-Dependent SHG Evolution. Thermody-
namically, the metastable phases can either convert to their
ground-state counterparts or decompose upon heating at
ambient pressure. Similarly, most acentric materials can go
through a reversible second-order phase transition to
centrosymmetric structures at a higher temperature,‘“_54
except that some monolayer 2D transition-metal dichalcoge-
nides™ and RbNaMgP,0,°>"” prefer to transform to other
acentric structures via ionic displacement and exhibit enhanced
SHG intensity upon heating because of their unique structural
features. In contrast, the SHG intensity of most 3D structural
materials tends to be faded in the elevated temperature range.
As far as we know, we present here for the first time the
intensive increase of SHG intensity of y-LTTO at a higher
temperature. The in situ variant-temperature SHG activity of y-
LTTO is shown in Figure 4a. The SHG intensity drastically
increases around 560 °C and reaches the maximum value of
about 500 times the initial intensity (red solid line) around 620
°C, after which the high SHG intensity is somehow slightly
intensified upon cooling to room temperature (blue solid line).
The drastic increase of SHG intensity around 560 °C is
attributed to an irreversible first-order structural transition
from the y-phase to the thermodynamically stable a-phase
maintained down to room temperature, which is confirmed by
the PXD measurement (Figure S6) of the SHG sample cooled
from 680 °C (Figure 4a), in good accordance with the
reported high SHG intensity of a-LTTO.”® The DSC
measurement in Figure 4b exhibits a sharp exothermal peak
around 650 °C, signaling a first-order structural transition to a
more stable phase. We also performed in situ variant-
temperature PXD measurements for y-LTTO at elevated
temperatures up to 760 °C and then cooled down to room
temperature. PXD patterns at different temperatures are piled
up for comparison in Figure 4c. y-LTTO was retained up to
580 °C with diffraction peaks slightly moving to lower angles,
indicating lattice expansion as shown in the blue region in
Figure 4d. A secondary phase emerges at 600 °C and coexists
with y-LTTO until 620 °C (the white region in Figure 4d).
Above 620 °C, y-LTTO completely transforms to the
secondary phase identified as a-LTTO (Pnn2) (the purple
region in Figure 4d), which echoes the drastic increase of the
SHG signal in Figure 4a. When cooled down to room
temperature, the a-phase was maintained from high temper-
atures with decreased lattice parameters (red symbols in Figure
4d). Furthermore, when the sample was further heated to
temperatures higher than 780 °C, a-LTTO starts to
decompose. The PXD pattern of the sample cooled from
780 °C (Figure S6) identifies the remains as a mixture of
decomposed centrosymmetric compounds and a small fraction
of a-LTTO, which well explains the sharp drop of SHG
intensity over 700 °C.
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The above findings indicate that y-LTTO can be used to
construct SHG-response-based irreversible temperature sen-
sors. On one hand, irreversible optical temperature sensors
have been developed to record tem?eratures at extreme
conditions, such as detonation events,””*® and readout the
historic temperatures at ambient conditions, which avoids the
impact of blackbody radiation at high temperatures and
reduces the cost of building in situ probing device.”' > On the
other hand, SHG is a polarization process, in which two
photons are converted to one photon of double frequency, and
does not include real adsorption. Thus, it greatly reduces
photobleaching or other photodamage phenomena.’* Remark-
ably, thanks to the large difference of SHG intensities of the
“on” and “off” states in y-LTTO, this material could be utilized
with a very small amount (a few micrograms) to be integrated
into arrays and image the spatial temperature distribution.®'

B CONCLUSIONS

In summary, we synthesized a new metastable phase of
Li,TiTeOyg in the OIL-type R3 structure via a low-temperature
topotactic ion exchange from Na,TiTeOy4 Revisiting of
Na,TiTeOgq revealed its acentric OIL-type R3 structure instead
of the reported R3 phase. The novel metastable OIL-type y-
Li,TiTeO4 undergoes an irreversible first-order phase tran-
sition to the a-phase (Pnn2) at temperatures over 560 °C,
accompanied by a steep intensity increase of SHG intensity. At
a higher temperature, y-Li,TiTeOy4 starts to decompose. y-
Li,TiTeOg could be utilized as SHG-based disposal high-
temperature recorder because of its giant SHG intensity
switching. DFT calculations reveal that y-Li,TiTeOq is
thermodynamically favored over the stable a-Li,TiTeOg at
negative chemical pressures around —6 GPa and perovskite-
type 6-Li,TiTeO4 can be formed around 40 GPa. These
findings indicate that topotactic chemical interception is a
promising and excellent approach to explore metastable phases
and intriguing properties.
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