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anosheet crystallites obtained

through delamination of various

layered compounds including
clays,'? sulfides,*™ oxides,® 2° and
hydroxides®'~* are attracting intensive re-
search as a new class of nanoscale materials,
exhibiting distinctive physicochemical
properties associated with dimensions in
the nanometer range. Due to the recent
emergence of functional nanosheets such
as titanium,®=° niobium,'®'* and
tantalum'>~'” oxide-related crystallites,
their importance is increasingly recognized
in the field of material science. These
nanosheet crystallites possess high two-
dimensional (2D) anisotropy and, therefore,
can be regarded as unique inorganic 2D
macromolecules having functionalities in-
herited from the layered parent com-
pounds. Thanks to their polyelectrolytic na-
ture, they can be employed as a building
block for electrostatic layer-by-layer self-
assembly utilizing oppositely charged
polymers,>>~2” nanoparticles,”® and
nanosheets,® which allows the well-
controlled design of nanostructured materi-
als. Sophisticated functions can be ex-
pected through the selection and precisely
controlled organization of the components.

Over the past few decades, a series of

tungsten oxides have been extensively in-
vestigated as an attractive functional mate-
rial with a number of interesting properties
(e.g., semiconducting,**? ferroelectric,3?
superconducting,®*~3> and photo- and elec-
trochromic properties).>*~>° Among them,
the chromogenic effect discovered in amor-
phous and nanosized tungsten trioxides is
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ABSTRACT Layered cesium tungstate, Cs,_, ,W,,05,, With two-dimensional (2D) pyrochlore structure was
exfoliated into colloidal unilamellar sheets through a soft-chemical process. Interlayer Cs ions were replaced with
protons by acid exchange, and quaternary ammonium ions were subsequently intercalated under optimized
conditions. X-ray diffraction (XRD) measurements on gluelike sediment recovered from the colloidal suspension
by centrifugation showed a broad pattern of a pronounced wavy profile, which closely matched the square of
calculated structure factor for the single host layer. This indicates the total delamination of the layered tungstate
into nanosheets of Cs,W,,0,,>~. Microscopic observations by transmission electron microscopy and atomic force
microscopy clearly revealed the formation of unilamellar crystallites with a very high 2D anisotropy, a thickness of
only ~2 nm versus lateral size up to several micrometers. In-plane XRD analysis confirmed that the 2D pyrochlore
structure was retained. The colloidal cesium tungstate nanosheet showed strong absorption of UV light with
sharp onset, suggesting a semiconducting nature. Analysis of the absorption profile provided 3.6 eV as indirect
band gap energy, which is 0.8 eV larger than that of the bulk layered precursor, probably due to size quantization.
The nanosheet exhibited highly efficient photochromic properties, showing reversible color change upon UV
irradiation.

KEYWORDS: nanosheet - nanomesh - tungsten oxide -
self-assembly - photochromism - chromogenic nanomaterial

of particular interest because these are
promising candidates for industrial applica-
tions such as “smart windows” to control
the input of solar light, glare control mir-
rors, and large area displays.*®*' Realiza-
tion of these properties in nanosheets
would be intriguing because enhancement
and some modulation of properties are ex-
pected due to the ultimately thin molecular
structure. A nanosheet based on a tung-
sten oxide was recently synthesized by
Schaak and Mallouk through delamination
of a family of layered perovskites,
Bi,W,0,.'® However, a follow-up study on
its fundamental and practical aspects has
not been reported presumably due to some
difficulties in film fabrication. Therefore,
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Figure 1. Crystal structure of Cs,, W,,0;, viewed along the
[110] direction, (a). Pyrochlore-type channels appeared in (b)
the section view and in (c) the plane view (a 35° tilt from

the horizontal alignment); Cs ions are omitted to highlight
the channel structure.

o Cs

exfoliation of other layered tungsten oxides is worth
investigating.

The series of layered cesium tungstates is well-
known for its framework called 2D pyrochlore struc-
ture (see Figure 1).**~** Typical modifications are iden-
tified as Csg_ ,W,,054 and Csg \W,-0,4 that crystallize
in a hexagonal structure. WO, octahedra are connected
via corner-sharing to produce the 2D slab, in which in-
terconnected channels, having the aperture of a six-
membered ring, run in parallel to both the planar and
axial directions. Cs ions are accommodated in the
pyrochlore-type channels as well as the interlayer gal-
lery. Although Cs ions are expected to have ion-
exchange properties, few studies on their intercalation
chemistry are reported in the literature. Such reactivity
would be of great interest because soft-chemical modi-
fications of the compound will be attained, offering
possibilities for new or enhanced physicochemical
properties. Furthermore, an intriguing single layer of
2D pyrochlore-type tungstate may be obtained via a
delamination procedure typically induced by intercala-
tion of bulky guests.

In the present study, we report the successful ion-
exchange of the layered tungstate, Csq , W;,05, into
a protonated form and the subsequent exfoliation into
2D pyrochlore-related tungstate nanosheets. The
unique structural features and chromogenic nature of
the resulting nanosheets are described below.

RESULTS AND DISCUSSION

lon-Exchange of Layered Cesium Tungstate. Synthesis at
1173 K produced a dark green sample, which was com-
posed of densely gathered hexagonal plate-like single
crystals. Powder X-ray diffraction (XRD) data of the
ground sample can be indexed based on a hexagonal
cell (see Figure 2a). The refined unit cell dimensions, a
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Figure 2. XRD patterns for (a) Cs¢,,W,,05¢ and (b) acid-
exchanged form. All the peaks are indexed based on hex-
agonal structure.

= 0.7260(2) nm, ¢ = 11.083(3) nm, agree well with
those reported for the layered cesium tungstate,***°
Cse., W;,056. Chemical analysis revealed that the total
value of cesium ions in the formula was 6.04 * 0.04, in-
dicating that the compound is almost stoichiometric in
contrast to the previously reported material with x =
0.31. A slight excess of Cs ions leads to partial reduc-
tion of W™ ions in the sample.** The presence of re-
duced tungsten ions may be responsible for sample
coloration.

When the Cs,_ ,W,,05, powder was reacted with
an HCl solution at various concentrations for 2 days, an
obvious color change from dark green to white was ob-
served at a concentration of 6 mol dm ™2 and above (see
Figure 3). The completely whitened sample displayed
sharp XRD peaks (Figure 2b), which can be indexed
based on the same hexagonal symmetry with the unit
cell parameters of a = 0.7254(2) nm, ¢ = 12.038(4) nm.
The refined a parameter was very close to that of the
Cse., W;,05, suggesting that the 2D pyrochlore-type
host layer was intact. In contrast, the c-axis parallel to
the stacking direction became larger. This expansion
most likely stems from the substitution of interlayer Cs
ions with protons or oxonium ions. Judging from its
color, the sample is believed to contain only oxidized

(athv)0.5/a.u.
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Figure 3. UV—vis diffuse reflectance spectra of (a)

Csg, W;,05, (b) acid-exchanged form and absorption spec-
trum of (c) nanosheet suspension. Inset shows the plot of
(ahv)®* against hv for samples (b) and (c).
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tungsten ions, W®*, meaning that the acid treatment
brought about oxidative deintercalation of Cs ions in
addition to normal ion-exchange reaction. In practice,
evolution of H, gas was detected by gas chromatogra-
phy when the acid treatment was carried out in a closed
reaction vessel. This result should arise from the redox
reaction between H™ in the solution and the host oxide
lattice, supporting this oxidation. On the basis of the
chemical analysis, the acid-treated sample was formu-
lated as H, ;,Cs5 0oW4,054 - 6H,0.%° The residual Cs ions
in the formula should be located in the framework
structure; the crystal structure data of Cs,, ,W,,055™*
indicate that the unit single host layer accommodates
four Cs ions in its pyrochlore-type channels, giving an
ideal chemical composition of Cs,W,,0;4> . The other
two Cs ions at the interlayer gallery are believed to be
more easily extracted by the acid treatment than the in-
ner Cs ions. As a result, the acid-exchanged product
likely contains the protonic species in the interlayer
gallery.

Exfoliation of the Protonated Cesium Tungstate into Single
Host Layers. The protonated sample was reacted with
aqueous solution containing tetrabutylammonium
(TBA) ions equivalent to the ion-exchanged protons in
the solid. A milky colloidal suspension was obtained af-
ter intermittent shaking for 10 days.

The dispersed material in the suspension could be
totally sedimented by centrifugation at a speed of
10 000 rpm for 30 min. The sediment in wet state was
subjected to XRD measurement at a relative humidity of
95% after being pasted to a sample holder. The pat-
tern changed dramatically from that of the starting lay-
ered material to a broad and wavy profile. All sharp
XRD peaks for the starting layered material were lost.
Similar phenomena have been observed in other exfo-
liated nanosheet systems (e.g., transition metal
oxides®'?#2° and layered double hydroxides).?* The
halo-like patterns were dependent on the layered ma-
terials and proved to be very similar to the square of the
structure factor with the scattering vector normal to
the sheet. This close match indicates that the host lay-
ers are no longer parallel at a constant separation,
which can be taken as evidence of total delamination.

A structure factor F(8) for the single host layer with
a composition of Cs,W,,034 is calculated to prove that
this is true for the present case. As illustrated in Sup-
porting Information S1, the host layer is centrosymmet-
ric with respect to the horizontal plane at z = 0, thus
F(8) can be calculated by the following equation:

F(0) = z 2Ny COS[271{22,y 55 0/ M1 +
z 2Ny fescosl2am{2zcsin 0/ M1 +
z 2Ngfocos[2m{2z;sin0 / A}] (1)
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Figure 4. XRD profile for a colloidal sediment centrifuged
from the suspension (solid line) and the square of the calcu-
lated structure factor for single cesium tungstate layer (bro-
ken line). The pattern was collected at a relative humidity of
95% to avoid undesirable drying.

where f,,, fc,, and f, are the atomic scattering factors
for W, Cs, and O atoms; Ny, Neg( and Ny, are the
number of ith W, Cs, and O atoms; and 6 and \ are the
diffraction angle and wavelength of the X-ray, respec-
tively. The square of the calculated F() designated as
the broken line in Figure 4 can be reasonably fitted to
the experimental data by changing the scale of the or-
dinate and taking into account the Lorentz polarization
factor and the temperature factor.

Next, morphology of the cesium tungstate
nanosheets was examined by means of transmission
electron microscopy (TEM) observation. Figure 5 shows
a typical image showing 2D sheets with faint but uni-
form contrast. Some of the sheets show evident trian-
gular corners. The lateral size was several hundred na-
nometers for the nanosheet obtained by exfoliation
with vigorous shaking at 180 rpm for 10 days. Note that
gentler agitation yielded larger sheets of up to 100
pm. The selected area electron diffraction for the single
nanosheet exhibited a single crystal-like pattern hav-
ing sharp spots. These spots can be indexed in terms
of a hexagonal unit cell of a = 0.73 nm, indicating that
the pyrochlore-type 2D structure was maintained after
delamination.

Characterization of the Cesium Tungstate Nanosheets in
Unilamellar State. It is important to demonstrate film
growth via electrostatic self-assembly using the new-
born nanosheets not only for their application but also
for understanding of their molecular entity. Actually,

Figure 5. TEM micrograph of cesium tungstate nanosheets
(left panel) and selected area electron diffraction pattern of
single nanosheet (right panel).
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Figure 6. In-plane XRD pattern of the monolayer film of the
nanosheets.

~60

characterization of the self-assembled monolayer film
of titania nanosheets*”*® and manganese oxide
nanosheets®®*° has provided meaningful information
on their structure in a unilamellar state. With respect to
the tungsten oxide system, Schaak and Mallouk re-
ported that the perovskite-type tungstate nanosheets,
W,0,, were hardly adsorbed on the polycationic surface
due to difficulty in displacing tetramethylammonium
ions used as a delamination reagent.® Its exfoliation
could not be achieved with larger TBA ions, which may
be advantageous in self-assembly due to its lower
charge density. In contrast, the present tungstate
nanosheets, Cs,W,,0;,, were obtained by exfoliation
with TBA ions and were successfully adsorbed on a Si
substrate coated with polycations. The monolayer film,
in which the nanosheet lay flat to the substrate, was
subjected to the following characterization.

In-plane XRD pattern for the monolayer film exhib-
ited many sharp peaks in the 1/d region from 1.5 to
10.7 nm~ " (see Figure 6). All of the observable peaks
are indexable to hk reflections of a 2D hexagonal cell,
and its refined cell parameter was obtained as a =
0.72695(3) nm. The resultant parameter correlates very
closely with that of the bulk precursors. The character-
izations suggest that the cesium tungstate nanosheets
obtained in this study have interconnected pyrochlore-
type channels. These channels have a diameter of about
0.53 nm between facing oxygen atoms across it and
are comparable to zeolite cavities.”®

Atomic force microscope (AFM) image of the
nanosheet film displayed sheets showing sharp edges
(Figure 7). Their average thickness was 2.2 = 0.1 nm,
and a lateral size was several tens of micrometers at
the largest. The thickness is consistent with that of the
host layer deduced from the crystallographic data for
CsgxW;,036; the vertical distance between the levels
of upper and bottom oxygen atoms (O1 and O1’ in Sup-
porting Information S1) of the host layer (1.55 nm)
plus the ionic radius of these two oxygen atoms (0.28
nm) gives 1.83 nm.** This good agreement further sup-
ports the unilamellar nature of the obtained nanosheet
crystallites. The difference between the experimental
height and crystallographic thickness may be ac-
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Figure 7. AFM image of cesium tungstate nanosheets on Si
substrate. A height profile along the broken line from X to Y
is shown in the right panel.

counted for by adsorbed charge-compensating pro-
tons, oxonium ions, or water molecules, as is the case
for other nanosheets.?**”

Optical Properties of the Cesium Tungstate Nanosheets. The
colloidal suspension of the cesium tungstate
nanosheets exhibited intense optical absorption at a
wavelength of 350 nm and below, the absorbance of
which was proportional to the concentration (see Sup-
porting Information S2). The molar extinction coeffi-
cient for the chemical composition of Cs,W,,05, was
estimated to be 1.7 X 10° mol~" dm® cm™" at 260 nm.
The square root of the absorption coefficient, o, times
the photon energy, hv, for the nanosheet and the pro-
tonated precursor is plotted against the photon energy
in Figure 3. The upsurge portions of (ahv)®> were well-
fitted to a straight broken line, suggesting that the
present tungstates have indirect electronic transition
near the band gap. The optical band gap energy can be
derived as about 3.6 eV for the nanosheets and 2.8 eV
for the protonated precursor from the intersection of
the broken line and the abscissa. The large difference
of 0.8 eV may be explained by the size quantization ef-
fect arising from their nanoscale dimension. Similar en-
ergy increment incidental to the downsizing has been
reported in hydrated WO nanoparticles with a diam-
eter of 5 nm and below.>3*" For 2D anisotropic mate-
rial including the nanosheet crystallites, the band gap
shift is dominantly dependent on the sheet
thickness.*>** Accordingly, the shift observed in the
present tungstate nanosheets is likely explained by
their thickness of much smaller than 5 nm. The cesium
tungstate nanosheets can be described as a wide-gap
semiconductor. The band gap energy is slightly smaller
than that of titania nanosheets (3.84 eV),>> which may
be beneficial for photochemical applications.

Photochromism of the Cesium Tungstate Nanosheets. It is
worth investigating color changes in cesium tungstate
nanosheets upon light excitation because a related ma-
terial of WOj; is well-known for its photochromic behav-
ior; the color can be reversibly switched by photoex-
cited electron—hole pair from transparent state to blue,
associated with a broad absorption peak at 900—1000
nm.3¢37 We observed a reversible color change in re-
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Figure 8. UV—vis spectra of the nanosheet suspension for
(a) virgin, (b) colored, and (c) bleached states. Inset shows
the difference in absorbance between colored and bleached
states (left), and the nanosheet suspension in a 1 cm square
cell (right).

sponse to on-and-off of UV irradiation for the colloidal
nanosheet suspension of Cs,W,,054> . UV—vis absorp-
tion spectra of the nanosheet suspension for virgin, col-
oration, and bleached states are displayed in Figure 8.
As seen in the evolution of wide-ranging absorption,
the transparent milky suspension turned visibly bluish
black after UV irradiation for 30 min and saturated af-
ter 60 min. When the colored sample was stored under
dark conditions, the color gradually bleached and even-
tually vanished (after 240 min under the present condi-
tions), returning to the virgin state. The coloration/
bleaching could be repeated at least several times, as
confirmed in this experiment. The coloration behavior
observed is comparable to that of hydrated WO,.3673°
Note that a small hump around 980 nm is attributable
to vibration of the hydroxyl group in water warmed by
the UV irradiation.

Absorbance gain estimated from the difference in
absorbance between coloration and bleached states,
AAbs, is an indicator of photochromic
performance.®®>%>> The AAbs for the nanosheet sus-
pension with increasing wavelength reached to 0.5 at
940 nm under the present condition. A similar system

EXPERIMENTAL SECTION

Material Synthesis. Layered cesium tungstate, Csg, ,W,;,05¢,
was synthesized by heating a mixture of Cs,CO; and WO; (4:11
molar ratio) at 1173 K for 5 h. The obtained single crystals were
ground and then treated with HCl solution (1, 6, and 12 mol
dm~3) for 2 days at room temperature to promote proton ex-
change. The acid-treated sample (0.4 g) was immersed in 100
cm? of an aqueous solution containing 0.0028 mol dm 3 tet-
rabutylammonium hydroxide (TBAOH). Intermittent shaking for
10 days yielded a colloidal suspension with a milky appearance.
A negligible amount of sediment was observed, implying nearly
total delamination.

A Si wafer substrate was cleaned by dipping in HCI/CH;OH
(1:1) solution and then in concentrated H,SO, solution. The hy-
drophilic substrate was immersed in an aqueous solution of
poly(diallyldimethylammonium chloride) (pH = 9, 2.5 g dm )
for 20 min to precoat the surface. Then, it was dipped in a colloi-
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of dispersed nanoparticles of WO5 - 2H,0 in a 0.5 mm
cell yielded AAbs of ~0.35 at a concentration of 0.31
mol dm™3.28 Although there is a difference in experi-
mental conditions between the nanosheet and nano-
particle systems, simple comparison of AAbs normal-
ized in terms of cell length and the number of W atom
suggests that the tungstate nanosheet performance is
at least six times better. A larger surface area enhances
the coloration more effectively because adsorption of
hydrogen molecules and charge-compensating cations
to trapped electrons as a color center on the surface
plays an important role in the coloration.*®=® In view
of this, the ultimate 2D structure of the nanosheets may
be essential for the coloration performance, offering ex-
tensive sites for adsorbents.

The reversible color change revealed in this study
definitely indicates that the cesium tungstate
nanosheet exhibits photochromism in response to UV
irradiation. Associated electrochromic properties
should also be promising. Quantitative evaluation of
photochromic performance, including sensitivity and
reversibility and its mechanism for the nanosheet sys-
tem, will be examined in a future study.

CONCLUSIONS

The 2D pyrochlore-type cesium tungstate of
Csg. W,,054 was converted into the protonated form
of H, ;0CS5.60W;,054 - 6H,0 through treatment with
concentrated HCl solution. The interlayer protons were
exchanged with bulky quaternary ammonium ions,
which induced delamination into unilamellar colloidal
sheets of Cs,W,,0;5>~ under optimal conditions. The
resultant nanosheet crystallites possess interconnected
pyrochlore-type channels, which may function as diffu-
sion paths or adsorption sites for alkali metal ions, wa-
ter, and small molecules. We demonstrated the efficient
photochromic behavior of the cesium tungstate
nanosheets, which is promising for constructing novel
photo- and electrochromic materials or devices using
chromogenic nanosheets as a building block.

dal suspension of negatively charged nanosheets (pH = 8,0.08 g
dm3) for 20 min to fabricate a monolayer film, in which the
nanosheets were adsorbed via self-assembly onto the substrate
surface.

Measurements and Analysis. XRD data for powder and colloidal
samples were collected by means of Bragg—Brentano-type dif-
fractometers (Rigaku Rint 2000 and 2200HF, respectively) with
Cu Ka radiation (A = 0.15405 nm). The gaseous species evolved
upon the acid treatment were identified by gas chromatography
(Shimadzu GC-14, MS-5A column, Ar carrier). TEM study was per-
formed with a JEOL 1010 transmission electron microscope op-
erated at an accelerating voltage of 100 kV. Specimens were pre-
pared by directly placing droplets of the colloidal nanosheet
suspension onto a holey carbon coated Cu grid and removing
the suspension after a while. In-plane XRD analysis on the mono-
layer film deposited on Si substrate was carried out with a four-
axis diffractometer installed on the BL-6C at the Photon Factory
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in the High Energy Accelerator Research Organization. The
monochromated X-ray beam was focused on the incident slit
by a cylindrical Pt mirror and struck the sample surface below
the critical angle for total external reflection. The in-plane diffrac-
tion lines were recorded by Nal scintillation counter, the win-
dow of which is limited by a Soller slit (0.45°). A tapping-mode
AFM (Seiko Instruments SPA400) with Si-tip cantilever (40 N m™")
was used to evaluate the morphology of the obtained
nanosheets on the Si substrate.

Optical absorption and diffuse reflectance spectra were re-
corded on a Hitachi U-4100 spectrophotometer equipped with
an integration-sphere-type detector. Photochromism of the
nanosheet suspension was assessed using a sealed single-
compartment cell (5.5 cm thickness) with two quartz windows.
The suspension was diluted to a concentration of 6.7 X 10~ mol
dm 3, and its pH value was adjusted as ~5 with HCl solution. Af-
ter the suspension was bubbled with N, gas, the cell was tightly
sealed. A 500 W Xe lamp (XEF-501S, San-ei Electric) was used as
the excitation source. Light intensity integrated from 200 to
500 nm was 14 mW cm ™2

Chemical Analysis. A weighed amount (20 mg) of the sample
was mixed with Na,CO; (0.75 g) and H;BO; (0.3 g) and was
melted in a Pt crucible by heating. The cooled melt was dis-
solved with a mixed-acid solution of HCl (3 cm®) and HF (1 cm?).
The obtained solution was diluted with ultrapure water (>18
MQ - cm) and then subjected to quantitative analysis for Cs by
atomic absorption spectrometry (Varian SpectrAA-20) and for W
by inductively coupled plasma atomic emission spectrometry
(Jarrell Ash IRIS Advantage). Weight loss up to 1273 K was mea-
sured by thermogravimetry (Rigaku Thermo Plus TG 8120) to es-
timate water content in the sample.
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