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ABSTRACT: Interlayer Rb* of the perovskite-type layered
oxyfluoride RbSINb,O.F was ion-exchanged with H, and the
protonated phase was reacted with aqueous solution of
tetrabutylammonium hydroxide to exfoliate it into nanosheets.
The resulting nanosheet suspension exhibits Tyndall scattering of
a laser beam, indicating its colloidal nature. Elemental composition
of the nanosheet was estimated as SryggNb,O4F, ", which was
quite close to that of the layer unit of the precursor. The
homogeneously unilamellar nature of this nanosheet was
confirmed by atomic force and transmission electron microscopy
observations and X-ray scattering results. The optical absorption
edge of the nanosheet suspension was observed around at 293 nm,
and two well-defined peaks with their maxima at 229 and 278 nm
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were observed. Furthermore, the aqueous suspension of the nanosheet exhibits fluorescence emission in the UV-blue region.
These properties of the oxyfluoride nanosheets are quite different from those of its oxide analogues without F~, such as
LnNb,O,  nanosheets (Ln = La*, Eu**, Sm**), suggesting that anion-site replacement of oxide nanosheets can be utilized to

optimize or induce various properties.

B INTRODUCTION

In the past few decades, various types of oxide and nonoxide
nanosheets have been reported.l_6 Among them, soft-chemi-
cally exfoliated homogeneously unilamellar nanosheets are
particularly interesting and important because of their discretely
defined unique morphology consisting of ym-order lateral size
and less than a few nm thickness.”® The homogeneously
unilamellar nature of those nanosheets is quite important when
transforming nanosheets into other nanostructures, such as
nanotubes, nanocones, and nanohollowed-spherical-shells, to
optimize their properties and active surface area.””” Further-
more, for superlattice structure fabrication via sequential
deposition of various kinds of nanosheets, the unilamellar
nature of the nanosheets as building blocks is a crucial aspect to
realize well-defined discrete stacking.'°”'* It has been
experimentally shown that soft-chemical exfoliation of bulk
layered compounds is much more effective than mechanical
exfoliation to obtain bona fide homogeneously unilamellar
nanosheets.”>"?

To date, many kinds of soft-chemically exfoliated homoge-
neously unilamellar nanosheets have been reported. In addition,
it has been shown that chemical doping of cation sites in
nanosheets with various active elements induces diverse range
of functionalities in those nanosheets. Some of those
functionalities are unique in the nanosheets and different
from those in bulk materials. For example, Sm*'-doped
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LaNb,O,” nanosheet exhibits host excitation-mediated photo-
luminescence that is not observed in its bulk precursor,]4 and
Co**-doped titania nanosheet exhibits ferromagnetic property
and high transmittance of visible light.15 In case of bulk oxides,
anion-site doping or replacement has been proved very effective
and interesting, often inducing functionalities that cannot be
induced via cation-site doping or replacement.'®'” For
example, anion-site doping was utilized in (Ga,_,Zn,)(N,_,O,)
to engineer superior performance in photocatalyst releasing
hydrogen from water in sunlight.18 Therefore, anion-site
substitution must also be interesting for oxide nanosheets.
Thus far, exfoliation of a F™-incorporated layered perovskite-
type oxide K,NbO,F has been reported.'® However, all F~ was
lost from the NbOF*~ layer unit after the exfoliation of
K,NbO;F in water, and the resulting nanosheets were self-
assembled into KNbO; particles. Thus, homogeneously
unilamellar oxyfluoride nanosheets were not obtained through
this approach. In addition, exfoliation of nitrogen- and/or
sulfur-doped layered titania and fluorine-doped RbLaNb,O- has
been reported.’*>> For these attempts, anion-dopants were
incorporated into the bulk oxide precursors by heating them
with anion-dopant sources such as NH;, thiourea, and
polytetrafluoroethylene. These approaches utilizing the post-
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processing of nanosheet precursors limited the anion-dopant
concentrations in the precursors to be very low; thus, the
anion-dopant concentrations in the exfoliated nanosheets were
also very low (approximately 2.8 atom % for Tigg;0,,N,>~
nanosheet) or not characterized.?***

It would be interesting and important to develop new types
of homogeneously unilamellar mixed-anion nanosheets, which
are stoichiometrically incorporating both oxide and not a trace
amount of nonoxide anions, to expand the nanosheet library for
various applications and to explore the characteristics of mixed-
anion nanosheets. It is expected that such nonoxide anion
incorporation into a diverse family of oxide nanosheets enables
tuning of physical properties via mechanisms such as
modifications of crystal structures and band structures and
rebalancing of charges. Particularly, nonoxide anion incorpo-
rated oxide nanosheets with perovskite-type structures are
interesting for systematic characterizations of structure—
property relationships.

In this study, we have attempted to prepare a homogeneously
unilamellar perovskite-type oxyfluoride nanosheet by soft-
chemical exfoliation of heavily F™-incorporated layered perov-
skite, which was directly synthesized by solid state reaction of
SrNb,O4 and RbF. We have previously studied the preparation
and characterizations of soft-chemically exfoliated homoge-
neously unilamellar LnNb,O,  nanosheets (Ln = La, Euy,
Sm);M'B’24 thus, we used this type of nanosheet as the
fundamental unit. The first step of our approach in preparing a
perovskite-type oxyfluoride nanosheet was to prepare F~-
incorporated ALaNb,O, (A = alkali-metal) as a bulk precursor.
Replacement of O*~ with F~ requires replacement of Ln*" or
Nb** with a lower valent ion to maintain the charge neutrality
of the compound. The previously known phase RbSrNb,O4F
satisfies such conditions;* thus, we prepared this compound as
a precursor and attempted its soft-chemical exfoliation into
homogeneously unilamellar oxyfluoride nanosheets. Detailed
preparation procedures and properties of the exfoliated
nanosheets are presented.

B EXPERIMENTAL SECTION

Material Synthesis. The bulk layered precursor RbStNb,O¢F was
prepared by solid state reaction of SrNb,O4 and RbF similar to the
previously reported method.”® SrNb,O4 was synthesized by mixing a
stoichiometric amount of SrCO; and Nb,Og, and heating the mixture
at 1000 °C in air for 24 h. Then, 1:2 mol ratio of StNb,O4 and RbF
was mixed in an argon filled glovebox, placed in an alumina crucible,
vacuum sealed in a fused-silica tube, and heated at 650 °C for 24 h.
The excess RbF was used to assist the formation of the oxyfluoride
product. The product was washed with water to dissolve the excess
RbF component, and dried in air.

RbSrNb,O4F was then reacted with 1 M aqueous solution of HCl at
room temperature to exchange interlayer Rb" with H'. This
protonation process was necessary to activate the layered oxyfluoride
precursor for the following exfoliation step utilizing an acid—base
reaction. The ratio of RbStNb,O4F and the solution of HCl was fixed
at 1 g/100 mL, and reaction duration was optimized between one to
four days. After each day of reaction, HCl solution was decanted, and a
new batch of HCI solution was added. The protonated samples were
recovered by rinsing with water and drying in air.

The proton-exchanged layered oxyfluoride precursor was then
reacted with an aqueous solution of tetrabutylammonium hydroxide
(TBAOH). The ratio of the protonated layered oxyfluoride precursor
and TBAOH solution was fixed at 0.4 g/100 mL, and the
concentration of TBAOH solution was adjusted so that the mol of
TBA in the solution was equivalent to the mol of the interlayer H" in
the protonated layered oxyfluoride precursor. After 17 days of vigorous
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shaking, a translucent white colloidal nanosheet suspension was
obtained. This as-prepared nanosheet suspension was centrifuged at
2500 rpm for 5 min to separate the unexfoliated residue as sediment
and the rest of the nanosheet suspension for characterizations.

Measurements and Analysis. Powder X-ray diffraction (XRD)
profiles of the pristine and protonated bulk precursors and dried
nanosheet suspension were obtained using Cu Ko radiation on a
Rigaku RINT2200V/PC diffractometer. The diffraction peaks of the
bulk layered precursors were indexed, and the lattice parameters were
refined using APPLEMAN software”® The previously reported
structural data of RbStNb,O¢F were used as the starting parameters
for the refinement.*® The elemental compositions of the precursors
and the nanosheet product were analyzed by flame atomic absorption
spectrometry for Rb, inductively coupled plasma-optical emission
spectrometry for Sr and Nb, and the lanthanum-alizarin complexone
method for F (see the Supporting Information for details). The
hydration amount of the protonated bulk layered precursor was
examined by thermogravimetric (TG) analysis on a Rigaku Thermo
Plus TG8120 at a heating rate of 10 °C min™" in 20 mL min~" flow of
air. Morphology observations of the pristine and protonated bulk
layered precursors were performed by scanning electron microscopy
(SEM) using a Keyence VE-8800. The morphology analysis of the
nanosheets was performed by atomic force microscopy (AFM) using a
Seiko Instruments SPA-400 AFM system with a Si tip cantilever (20 N
m™") in the dynamic force microscopy (DFM) mode. The sample for
this analysis was prepared by depositing the diluted nanosheet
suspension on a Si substrate coated with a polyvinylamine-
polyvinylalcohol diblock copolymer as cationic electrostatic
glue.”’™° Transmission electron microscopy (TEM) observation
and selected-area electron diffraction (SAED) analysis of the
nanosheet were performed on a JEOL JEM-2100F transmission
electron microscope at an accelerating voltage of 200 kV. The
specimen for this characterization was prepared by dropping a 1000-
fold diluted nanosheet suspension on a carbon microgrid and drying it.
The XRD pattern of the concentrated glue-like nanosheet suspension
was obtained using Cu Ka radiation on a Rigaku RINT2100
diffractometer. The aqueous suspension of the nanosheets was
centrifuged at 30000 rpm for 30 min, and the supernatant was
decanted. The remaining glue-like concentrated nanosheet suspension
was used as the sample. The increase in the nanosheet concentration
was necessary to minimize the halo pattern of the water medium in the
diffraction profile. The diffraction data were acquired under a relative
humidity of 95% to minimize the restacking of the nanosheets by
drying. UV—vis absorption spectra of the diluted nanosheet
suspensions were measured on a Hitachi U-4100 spectrophotometer.
The optical absorption edge of the nanosheet was estimated by
extrapolating the sharply rising portion of the spectrum to the
horizontal axis, representing the wavelength. Finally, fluorescence
spectra were obtained using a Hitachi F-7000 fluorescence
spectrophotometer at room temperature. The emission spectra were
corrected for the spectral response of the instrument using a
substandard light source.

Bl RESULTS AND DISCUSSION

The powder XRD profile of RbSINb,O4F is shown in Figure
la. All of the diffraction peaks were indexed based on the
previously reported tetragonal structure of RbSrNb,O4F;*
thus, it was single phase. The refined lattice parameters (shown
in Figure 1) were very close to the previously reported values,
and their differences were less than 0.2%. The structure of
RbSrNb,O¢F consists of perovskite-type SrNb,O¢F~-layer
interspersed with Rb*. On the basis of the powder XRD, '’F
MAS NMR, and calculations of lattice energy and bond valence
sum, Choy et al. concluded that F~ in the StNb,O¢F-layer is
statistically distributed with O*~ in O and O sites
(Figure 2).25

To activate RbSrNb,O¢F for the following exfoliation
reaction, the interlayer Rb* of RbSrNb,O¢F was ion-exchanged
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Figure 1. Powder XRD profiles of (a) as-prepared bulk layered
compound precursor RbSrNb,O(F and its protonated forms (b) dried
at room temperature and (c) heated at 350 °C (after TG analysis).
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Figure 2. Crystal structure of RbSrNb,OF.
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with H* by reacting it with 1 M aqueous solution of HCL. The
amount of Rb content remaining after each protonation
reaction is shown in Table 1. While the contents of Sr and F

Table 1. Analytically Determined Molar Elemental
Compositions of the Bulk Layered Precursors after Each
Protonation Reaction, and Nanosheet Suspension

number of reactions Rb Sr Nb F
1 0.174 0.986 2 0.986
2 0.103 0.980 2 0.970
3 0.073 0.978 2 0.968
4 0.059 0.978 2 0.966
nanosheet suspension 0.98 2 0.94

did not decrease significantly, that of Rb decreased down to
17.4% of the pristine phase after the first protonation reaction.
Further protonation reaction did cause the decrease in Rb
content, but it was very gradual. The XRD profile of the bulk
layered precursor after four protonation reactions is shown in
Figure 1b. While the difference between the in-layer lattice
parameters of the pristine and protonated precursors was less
than 0.3%, the lattice parameter along the layer stacking

direction of the protonated precursor was much larger than that
of the pristine precursor. This is attributed to the larger
interlayer spacing of the protonated phase because of the
interlayer hydration; thus, a large decrease in the lattice
parameter ¢ was observed by dehydration upon heating (Figure
1c). This behavior was consistent with the following TG
analysis results.

The TG curve of the bulk layered precursor after four
protonation reactions is shown in Figure 3. Sharp decrease in
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Figure 3. TG curve of the bulk layered precursor after four
protonation reactions.

weight from room temperature to approximately 70 °C is
attributed to the dehydration consistent with the previously
mentioned results of the powder XRD. From the chemical
analysis, this weight loss, and charge neutrality, the chemical
formula of the bulk layered precursor after four protonation
reactions was estimated as RbgosHj 0451 0sNb,OgF(97-1.4H,0.
For this estimation, three assumptions were made. First, there
was no decrease in O content. Second, charge neutrality of the
compound was maintained. Third, the oxidation state of Nb
stayed as S+. The TG trend of this protonated oxyfluoride
layered precursor is different from those of other protonated
layered perovskite-type oxides containing no F™. In case of the
latters, the decrease in weight was more gradual and continued
to above 350 °C because of the combined contributions from
the dehydration and dehydroxylation."****%*' On the other
hand, the weight decrease of the former was sharp, and no
significant change in weight was observed at higher temperature
up to 300 °C. This difference might be related to the effect of
F~ in the structure of the former, but conclusive understanding
of such aspect requires further studies. The TG curve above
300 °C was not measured to avoid the possible generation of
fluorine-containing harmful gas during the experiment.

The SEM images of the pristine and protonated bulk layered
precursors (after four protonation reactions) are shown in
Figure 4. The crystallites of the pristine precursor are platelets
reflecting their layered crystal structure. The majority of them
are 0.5—6 um in size. These features of the pristine precursor

Figure 4. SEM images of (a) as-prepared bulk layered compound
precursor RbStNb,O¢F and (b) its protonated form.
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were retained after its protonation, indicating the topotactic
nature of the protonation reaction.

The bulk layered precursor that was proton-exchanged four
times was successfully exfoliated into nanosheets by reacting it
with aqueous solution of TBAOH. The ratio between the
protonated bulk precursor and TBAOH solution was fixed at
04 g/100 mL, and the concentration of TBAOH in the
solution was optimized in terms of the molar ratio between the
interlayer H' in the precursor and TBA* in the TBAOH
solution. Among three solutions with TBA*/H* = 0.5, 1, and §
reacted with the precursor for 1 week, the reaction with the
TBA*/H" = 1 solution yielded the least amount of unexfoliated
sediment. However, not all the nanosheets in that product were
unilamellar based on the preliminary morphology observation
by AFM). Thus, the reaction duration was extended to 17 days
to attain complete exfoliation of the protonated precursor into
homogeneously unilamellar nanosheets. Furthermore, unexfo-
liated residue was separated from the nanosheet suspension
product by moderate-speed centrifugation for all the following
characterizations. A photograph of such aqueous suspension of
the nanosheet product is shown in Figure 5. It is translucent
and exhibits the Tyndall effect by the scattering of a laser beam
because of its colloidal nature.

Figure S. Photograph of a colloidal suspension of the nanosheets
exfoliated from the protonated RbSrNb,O4F.

The result of the elemental composition analysis on the
nanosheet suspension is shown in Table 1. For the analysis of F
content, a small portion of the sample could not be removed
from a sample container after the ashing preprocess required
for the analysis; thus, the value in the table is likely smaller than
actual one. Nevertheless, the elemental composition of the
nanosheet was close to those of the pristine and protonated
bulk precursors, suggesting that the SrNb,O¢F-layer unit of
the bulk layered precursors was fundamentally retained in the
exfoliated nanosheet. On the other hand, small but finite
amounts of Sr and F loss from the SrNb,O4F -layer unit were
certainly observed after the protonation of the pristine bulk
layered precursor RbSrNb,OF. The amounts of Sr and F loss
are roughly the same while their oxidation states are 2+ and 1—,
respectively. To maintain charge neutrality of the system,
additional cationic species are necessary, assuming no loss in
the O*~ content. TBA*, H*, and/or H;O" must be those charge
compensating counterions. On the basis of these consider-
ations, the chemical composition of the nanosheet prepared in
this study was estimated to be SroosNb,O¢F,,,°~ where § is
approximately 1. This composition is quite close to the nominal
elemental composition of the nanosheet expected from that of
the StNb,O4F™ layer unit of the precursor. Thus, the exfoliated
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nanosheet is denoted as “SrNb,O¢F~ nanosheet” in the rest of
the paper. In addition, the concentration of the nanosheet
suspension was estimated to be 0.0068 M of StNb,O¢F~ based
on the Nb content, and it was 71% of the theoretical yield. It is
expected that some amount of the exfoliated nanosheets,
particularly the larger ones, was precipitated and not collected
completely during the centrifugation process of the as-prepared
nanosheet suspension. Thus, the exfoliation rate was likely
higher than 71%.

A topographic image and a cross-sectional profile of the
StNb,O¢F~ nanosheets obtained by AFM are shown in Figure
6. The majority of observed nanosheets have lateral sizes
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Figure 6. (a) AFM image and (b) cross-section profile of the
StNb,O¢F™ nanosheets deposited on a Si substrate.

ranging from 0.5 to 2.5 ym. The height of the middle part of
the StNb,O4F~ nanosheets is 1.1(1) nm, but the height of the
edge parts is as high as 2.0(3) nm after the subtraction of the
background height. The similar difference between the edge
and the middle part heights has been observed in the other
perovskite-type nanosheets prepared from a bulk layered
compound Li,Ln,;Ta,0; (Ln = La, Eu).*® It is not likely
that only the edge part of the nanosheets is not unilamellar.
Thus, this behavior is likely originating from water molecules
and/or counterions, such as TBA', H*, and H;0", selectively
gathered at the edge part. The middle part height of the
StNb,O4F~ nanosheets is very close to that expected from the
crystal structure of RbSrNb,OgF bulk layered precursor (1.09
nm),” indicating their homogeneously unilamellar nature. The
height of oxide nanosheets observed by AFM tends to be
higher than that expected from the crystal structures of their
precursors because of water molecules and/or counterions
existing on the surface of the nanosheets.'*** This aspect
suggests that the STINb,O4F~ nanosheet has higher tendency to
attract water molecules and/or counterions at its edge part than
most of other types of oxide nanosheets.

Figure 7 shows the TEM image (panel a) and SAED pattern
(panel b) of the SrNb,O¢F~ nanosheets. The majority of the
observed nanosheets have lateral sizes ranging 0.2 to 1 ym. A
slight difference in the size distribution between the AFM and
TEM samples is attributed to the difference in the sample

[001]

Figure 7. (a) TEM image and (b) SAED pattern of SrNb,O.F~
nanosheets.
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preparation methods. The exceedingly faint and monotonic
contrast of the sheet images reflects the ultrathin nature and
uniform thickness of the homogeneously unilamellar nano-
sheets. Line-like features indicated by blue arrows in the figure
showed higher contrast, indicating the wrinkled portions of the
nanosheets. This suggests that the SrNb,O4F~ nanosheet is
quite flexible. The SAED pattern of a single nanosheet exhibits
sharp diffraction spots, indicating the single crystalline nature of
the nanosheet. The diffraction spots of the single nanosheet
were indexed well to the square-type cell where no difference in
two of the orthogonal lattice parameters along in-sheet
directions (a- and b- axes) was observed within the
experimental resolution limit. The estimated lattice parameter
of the nanosheet along the in-sheet direction is a = 0.40 nm,
which is close to those of the bulk precursors. These results
suggest that the exfoliation reaction was topotactic, and the
nanosheet product retained the perovskite-type layer unit of
their bulk precursors.

Figure 8 (red trace) shows the X-ray scattering profile of the
concentrated glue-like nanosheet suspension obtained by high-
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Figure 8. X-ray scattering profile of the concentrated glue-like
SrNb,O¢F~ nanosheet suspension (red trace). The blue and light-blue
dotted traces are calculated scattering profiles based on the unilamellar
SrNb,O¢F~ layer model (Figure 9) with different positions of Nb
perpendicular to the layer.

speed centrifugation of the colloidal nanosheet suspension. The
scattering profile mainly consists of a few broad humps
overlapped with several sharp peaks reminiscent of the
scattering profiles of other soft-chemically exfoliated homoge-
neously unilamellar nanosheets.>"*> The sharp peaks can be
indexed based on a typical O—Nb—O distance in perovskite-
type structures as a lattice parameter, and the refined lattice
parameter was a = 0.387(1) nm. This result again indicates that
the exfoliated nanosheets retained the perovskite-type structural
teature of their bulk precursor. The broad humps are
characteristic of a particular structure type of nano-
sheets.>*"**>73* The blue and light-blue dotted traces in Figure
8 represent the product of L, (Lorentz-polarization factor) and
the square of Fyy (structure factor of the unilamellar
SrNb,O(F~ nanosheet) as in

1 + cos> 20

2
Il
) 0or
sin® 0 cos 0

2
Loy = Lp IFyoll™ =

Fyo was calculated using the simplified structure model based
on the atomic positions in the SrNb,OcF~ layer of
RbSrNb,O4F>* as depicted in Figure 9 and the function

By = Z mf, cos[27(2z; sin 6/2)]
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Figure 9. Partial structure model of SrNb,O¢F~ layer used in the
calculation of the X-ray scattering profile of unilamellar SrNb,O4F~
nanosheets. The gray frame indicates the asymmetric unit.

where m;, f;, z, and A are the site multiplicity, atomic scattering
factor, atomic position along the interlayer direction (c-axis) of
the i-th atom, and the X-ray wavelength, respectively. Only the
real part of the structure factor was considered because the
layer (nanosheet) model is centrosymmetric. In the structure of
the precursor RbSrNb,O¢F, Nb is away from the equatorial
O2/F2 sites (z = 0.2392 nm). The scattering profile calculated
with this Nb position (blue dotted trace) roughly matches with
the experimental broad profile, indicating that the nanosheets
are homogeneously unilamellar. In addition, it again indicates
that the nanosheet fundamentally retains the perovskite-type
unit of the precursor. The mismatch in the profiles around 20
to 40° in 20 is attributed to the diffraction halo from water
because it is expected exactly in this range.*> However, the
broad scattering profile calculated with this Nb position was
slightly shifted from the experimental one. It is well-known that
the distortion degree of NbOy octahedra in layered perovskite-
type oxides differs when their interlayer cationic species are
different.>® Such structural distortion is attributed to the
difference in electrostatic interaction between the layer-unit
constituents and interlayer cations for the bulk layered
compounds or counter cations for the exfoliated nanosheets.
Thus, it is rational to expect that the distortion of F~-
incorporated NbOg octahedra in the exfoliated SrNb,O¢F~
nanosheet is slightly different from that in its bulk precursor
RbSrNb,OgF. In the structure of RbSrNb,O(F, the z coordinate
of Nb is unusually shifted from the equatorial O position
compared with other Nb-based layered perovskite-type
compounds such as KLaNb,O,.** Therefore, we also calculated
the scattering profile of StNb,O4F~ layer unit with Nb closer to
the equatorial O2/F2 sites (z = 0.2250 nm). The resulting
profile (light-blue dotted trace) is closer to the experimental
one, suggesting a possible difference in the F-incorporated
NbOg octahedra distortion between the SrNb,O(F~ nanosheet
and its bulk precursor among various other coexisting
possibilities such as displacement of O*”. Furthermore, it has
been reported that exfoliation of Csy,Ti;gs[ 1017504 (] =
vacancy) into Tige;0,>*~ nanosheet causes the distortion of its
Ti—O octahedra and approximately 4% expansion of the layer
thickness because of the modification of the electrostatic
interaction between the layer-unit constituents and interlayer
cations upon exfoliation.*' Such possible expansion or
contraction of the thickness of the exfoliated nanosheet
compared with that of the layer unit of the precursor might
be another factor for the difference between the observed and
the calculated scattering profiles.
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Inorganic Chemistry

Figure 10 shows the XRD profile of a sample obtained by
drying the concentrated glue-like nanosheet suspension in air.
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Figure 10. XRD profile of a dried StNb,O¢F~ nanosheet suspension
on a slide glass.

All the observed peaks can be indexed as 00! reflections,
indicating the restacking of the nanosheets at a spacing of
2.28(1) nm. No reflection from the in-layer d-spacing was
observed. These results indicate that the nanosheets in the
dried sample were perfectly aligned parallel to the substrate.
Highly anisotropic sheet-like morphology of the nanosheets
must have caused this organization. The interlayer spacing was
much larger than the thickness of the SrNb,O4F~ nanosheet
expected from the crystal structures of their precursors. This is
likely due to the high degree of interlayer hydration in addition
to the interlayer incorporation of TBA" ions.

UV—vis absorption spectra of the diluted SrNb,O4F~
nanosheet suspensions are shown in Figure 11. The optical
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Figure 11. UV—vis absorption spectra of diluted SrNb,O¢F~
nanosheet suspensions. Absorbance increases linearly as the
concentrations of the nanosheet suspensions increase as 6.8 X 107
(red trace), 1.4 X 107°,2.7 X 1075, 4.1 X 1075, 5.4 X 107>, and 6.8 X
1075 M (blue trace). (Inset) Absorbance at 229 and 278 nm plotted
against concentrations of the nanosheet suspensions.

absorption edge of the nanosheet was observed around at 293
nm, and two well-defined peaks with their maxima at 229 and
278 nm were observed. These features are quite different from
those of perovskite-type oxide nanosheets without F~, such as
LnNb,O,” nanosheets (Ln = La*, Eu**, Sm**)."***** In case
of the LnNb,O,” nanosheets, their absorption edges range
between 340 and 370 nm; thus, those are at much longer
wavelength than that of the StNb,O4F~ nanosheet. In addition,
absorption peaks of LnNb,O,™ nanosheets are quite broad and
not well-defined. These differences in the absorption spectra
between LnNb,O,” and SrNb,O4F~ nanosheets suggest that
F~ is truly in the crystal structure of the SrNb,O¢F™ nanosheet
and contributing to its characteristic optical properties. The
molar extinction coefficients of the SrNb,O(F~ nanosheet at
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229 and 278 nm were estimated to be 1.54(2) X 10* and
2.14(2) x 10* M™" cm™, respectively. These values are in the
same order as those of the basically isostructural LnNb,O,~
nanosheets.' >

Figure 12 shows fluorescence spectra of a SrNb,O4F~
nanosheet suspension. When this nanosheet was excited with

Normalized Intensity

T = T L) Ll Ll
300 350 400 450 50
Wavelength (nm)

550 600 650

Figure 12. Fluorescence spectra of the SrNb,O4F~ nanosheet
suspension excited at 229 (red trace) and 278 (blue trace) nm
along with that of the LaNb,O,™ nanosheet suspension excited at 232
nm (gray dotted trace).

UV light, whose wavelength was below its absorption edge, a
broad emission peak with the maximum around 380 nm was
observed at room temperature. Nb—F charge transfer
transitions as the origin of the emission are not likely in this
system because the Nb—F transitions are expected to be
situated in the vacuum ultraviolet region in the view of the high
optical electronegativity of the F~ ion.*~* Thus, the emission
is likely originated from Nb—O charge transfer transitions.
Similar fluorescence emission was also observed for the
LaNb,O,” nanosheet that is a similar perovskite-type oxide
nanosheet without F~ ion. However, the emission peak of the
StNb,O4F™ nanosheet was narrower than that of the LaNb,O,~
nanosheet because the emission intensity of the former below
350 nm was very low. On the other hand, the LaNb,O,”
nanosheet exhibits relatively high emission intensity even at 335
nm. The F-incorporated NbOg octahedra in RbSrNb,OgF are
highly distorted compared with those in layered perovskite-type
oxides without F~.>° Such a structural feature is also expected in
the exfoliated SrNb,OF~ nanosheet. In addition, the electro-
negativity and crystal field strength of F~ and O® are
significantly different. These features of the oxyfluoride
nanosheet might indirectly influence the Nb—O charge transfer
property through modification of the electronic structure of the
system and cause the difference in the fluorescence properties
between the oxyfluoride and the oxide nanosheets even though
the confirmation of their mechanism requires further
investigation.

These differences between oxyfluoride and oxide nanosheets
suggest the capability of anion-site replacement of oxide
nanosheets to tune or induce various properties. Replacement
of the O® -site has various potential advantages for oxide
nanosheets as functional nanomaterials and nanobuilding
blocks. For example, oxyfluorides tend to be better matrixes
for rare-earth ion based frequency upconversion materials.*>*°
This is because the lower phonon energy of the (oxy)fluoride
matrix tends to reduce nonradiative relaxation energy loss in
the rare-earth ion based upconversion materials. Thus, the F~-
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incorporated nanosheets are likely good matrixes for
upconversion nanomaterials or nanobuilding blocks.

Also, the aliovalent replacement of the O~ site is interesting
and important. For example, it can be utilized to enhance the
dielectric property of oxide nanosheets. Several types of oxide
nanosheets are known to possess very high dielectric constants
regardless of their extremely thin morphology.'” It is expected
that Ti*"-containing nanosheets exhibit even a higher dielectric
constant compared with that of solely Nb®*- or Ta’*-based
oxide nanosheets.*” However, on the contrary to the Nb*- or
Ta**-based layered perovskites, Ti*-based layered perovskites,
which can be exfoliated into homogeneously unilamellar
nanosheets, are limited. To solve such an issue, it should be
possible to substitute Nb** or Ta®* of layered perovskites,
which can be exfoliated into homogeneously unilamellar
nanosheets, with Ti*" if O™ is also simultaneously substituted
with F~ to maintain charge neutrality and, thus, the phase
stability of the system. Such Ti*'-containing oxyfluoride
nanosheets are expected to show superior dielectric perform-
ance.

Furthermore, in the view of crystal field strength, by
substituting 0% sites of oxide nanosheets with F~, whose
crystal field is weaker than that of O®7, tuning of various
physical properties, such as magnetism (high spin versus low
spin) and optical absorption and emission, should be possible.
Therefore, the results of this preparation of a soft-chemically
exfoliated homogeneously unilamellar oxyfluoride nanosheet
open the new fascinating field to explore mixed-anion
nanosheets as nanomaterials or nanobuilding blocks for a
fundamental understanding of the materials and their practical
applications. Furthermore, controlling the amount of F~ in such
a system will be important. As a plausible approach in such F~
amount control in oxyfluoride nanosheets, the extended
research works on the synthesis and exfoliation of
Ala_B.Nb, ,Ti,0;_, F,,, (A = alkali metal; B = Ca, Sr)
and related phases are underway.
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