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Fluorescent semiconductor materials doped with rare earth ions have been synthesized by
flocculation of colloidal titania nanosheets, §iO,, with EL** or Tb** ions. The composites had a
lamellar structure with a gallery height of 1.06 nm, accommodating rare earth ions between the
nanosheets with a doping concentration as high as 10+1 mol %. The composite WitxEibited

intense characteristic emission from ¥weither by exciting the Tig;0, host with UV light

(A< 350 nm or by directly exciting E&" at a longer wavelength where there was no absorption by
Tip.0/0,. This indicates that nonradiative energy transfer from thg,0, host to E3* can take

place in this system. In contrast, no energy transfer was observed in the composite #it®©Th

2004 American Institute of PhysidDOI: 10.1063/1.1812811

Rare earth(RE) or lanthanide(Ln) ions have attracted This titania nanosheet could be easily re-stacked by floccu-
great interest in technological applications such as optoeledation with various positively charged species to yield com-
tronics devices and flat panel displagdecause of their ex- posite materials with a layered structdfé> One of the ad-
cellent luminescence characteristics with extremely sharpantages of this re-stacking reaction is that we can
emission bands originating from theirf &lectronic transi- incorporate guest species into host materials which are diffi-
tion. It is well known that in rare earth complexes with or- cult to insert through a conventional intercalation process in
ganic ligands, especially those wiBdiketones, the emis- layered materials.
sion from RE ions can be enhanced through the nonradiative In this work, we report the synthesis of re-stacked com-
energy transfer from the triplet state of the ligands to theposites of titania nanosheets and RE i¢&sropium and ter-
crystal field states of the central ions. However, due to theibium) (denoted as ex-§i0,/Eu and ex-Tj g0,/ Th, re-
poor thermal stability and weak mechanical properties, thesspectively, “ex-" means “exfoliated’and their PL properties.
complexes have been excluded from some practical applicdoth materials had a homogeneous layered structure with a
tions such as tunable solid-state laser and phosphor devicdsgh concentration of RE ions of 10+1 mol %. Upon excita-
Recently, strenuous efforts have been made to solve thigon at a longer wavelengtt>370 nmj, both samples emit-
problem by doping RE ions in semiconductor particles suched characteristic line-like spectra from RE ions originated
as ZnS, CdS and Tig) through sol-gel processing or the from the energy absorbed by themselves. Furthermore, the
co-precipitation methot.? The characteristic emission of composite of ex-Tjq:0,/Eu showed strong PL light also
RE ions has been observed from some of the doped semihrough UV irradiation at the absorption range of, §i0,
conductors. However, Bol, Beek, and Meijerink repofted nanosheets. This suggests that the energy absorbed by
that RE ions are mostly adsorbed at the particle surface iy 4,0, can be effectively transferred to Euions. Such
these doped semiconductors and the characteristic emissiemergy transfer to TH ions was not observed.
of RE ions is not due to the energy absorbed by the host but Samples were prepared by slow addition of a colloidal
RE ions themselves. In addition, the doping concentratiorsuspension  of  Ti;;O, nanosheets (100 cn¥, pH
was limited, generally less than 3%. Most recently, on the=9, 0.4 wt% to 100 cni of 0.1 moldm?® LnCl;-6H,0
other hand, Stucky and co-work&f§ demonstrated that me- aqueous solution under stirring at room temperature. The
soporous titania thin films with nanocrystalline walls were anprecipitated white product was filtered, washed with ultra-
excellent host for trivalent europium ions and this materialpure water and dried in air. X-ray diffractiqXRD) patterns
could yield efficient photoluminenscen¢BL) through en-  were collected using a Rigaku Rint 2000S powder diffracto-
ergy transfer from the host to the guest. meter with graphite monochromatized ®a radiation (A

Apart from the mesoporous modification as well as con—=0.15405 nm. UV visible spectroscopyUV-VIS) absorp-
ventional granular forms, a nanosized titanium oxide can bﬁon spectra were recorded on a Hitachi U-4000 Spectropho-
produced as unilamellar crystallites, which have been synmmeter in the diffuse reflectance mode. PL spectra were
thesized by exfoliating a protonic layered titanate measured on a Hitachi F-4500 fluorescence spectrophotom-
Ho.7Ti1.82604- HO into colloidal single layers. The result-  eter. Transmission electron microscojEM) observations
ing nanosheet crystallite with the composition 0§ §i0,”**~  were performed using a high-resolution TEM microscope
has extremely high two-dimensional anisotropy with a latera{ JEM-3000F with energy dispersive x-ray spectrometer
dimension of 0.1-Jum and a thickness of about 0.75 nm. (EDS). Two samples, ex-Fio;0,/Th and ex-Tj 4,0,/ Eu,

had very similar chemical analysis results, XRD patterns and
author to whom correspondence should be addressed; electronic maill EM images, which should be attributed to the similar size
sasaki.takayoshi@nims.go.jp for lanthanide ions. The XRD pattern of exyBiO,/ Tb (Fig.
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FIG. 3. UV-VIS absorption spectra of explgiO,/H (), ex-Tiy :0,/ Tb (b),
and ex-Tj o;0,/Eu (c). Inset: the enlarged spectrum of ex;d0,/Eu at a
wavelength range of 360—550 nm.

1) shows basal reflections at @ alue of 8.2 and 15° as
indicated by circles. This indicates the re-stacking gf S . .
4 9 0fof0 >§teep onset around 380 nm. This is similar to its parent titan-

nanosheets to form a uniform layered structure with a galler ; . :
height of 1.06 nm, the dimension of which may be reason@€ b.7Ti182804-H,0, the absorption of which corresponds

able for the accommodation of hydrated RE ions. The twd® the band gap of the fitanate3.24 ev.* For
peaks at 2=48.5 and 62.6%triangle and square in Fig)1 X TloO2/EU, sharp peak§-ig. 3, insef were detectable at
are diagnostic of two-dimensional architecture of IO, 39 464, and 535 nm, apart from the huge absorption from
nanosheet’ The TEM image(Fig. 2) clearly shows the the titania nanc_)sheet similar to exO]jiog/H. These three
lamellar feature of the materials. The incorporation of REP€2KS are assignable to the intraconfigurationil-44f"
ions in the flocculated sample is confirmed by EDS analysistransition of Ed* as is usually observedin contrast, such
giving its content of 10+1 mol%. This composition is features were not observed for ex3jO,/Th. The £-4f
roughly consistent with the charge balance betweerransitions of TB*_ are located at the wavelength range of
Tio.91020'36_ and Lr#*. It should be noted that the exfoliation- 200—_380 nm, which is overlapp_ed with the _strong absorption
re-stacking route is essential to achieve this high content df TloeiO2. Thus, the absorption by Pb ions may be

RE ions. Such high level of doping cannot be attained by thé]uenched. This resglt may be consistent with the fact that RE
conventional ion-exchange reaction of the parent layered tilons are located in-between the nanosheets rather than
tanate. merely adsorbed at the surface.

Figure 3 depicts UV-VIS absorption spectra for the floc- ~ The PL spectraboth excitation and emissiprof the
culated samples. The data for a re-stacked sample dhree samples measured under identical conditions are shown
ex-Tiy 410,/ H prepared using 0.1 mol dMHCI solution as  in Fig. 4. The excitation spectra were measured by monitor-
a flocculation agent is included for comparison. This sampléng the emission peak wavelength at 395, 544 and 612 nm

of ex-Tip9:0,/H showed strong UV-VIS absorption with a for ex-Tip9:0,/H, ex-Tip 910,/ Tb and ex-Tp 910,/ Eu, re-
spectively. The sample of ex-l4;0,/H showed relatively

weak emission with a main peak at 395 nm, which is similar
to our previous report on PL of J§;0, nanosheet}! This
feature may be originated from defect states @fyJ®,. The
composite sample of ex-J§0,/Tb exhibited emission
characteristics very similar to those fory§iO,/H through-
out almost all the absorption range of, §iO,. Even at the
excitation wavelength of 274 nm where 3tions have the
strongest absorption, no emission from3Tlions was de-
tected. On the other hand, excitation at the wavelength of
378 nm, where absorption by glg;O, is relatively weak,
yielded characteristic lines from ¥hions. The four main
o . ) pegks at 489, 544, 5825 and 618 nm COfI’eSpOHOBDQ
—'F; (j=3-6 transitions:” respectively, indicating that the
emission bands arise from the absorption of'Tion itself,
not the host. These results revealed that no energy transfer
took place between the host ofyEiO, nanosheets and b
ions. It is notable that the intensity of emission from3Th
/ ions was very weak, and was lower than that from the host

FIG. 1. XRD pattern of ex-Tig:0,/Th.

Intensity (a. u.)

Eu Tieug, Cu excited at 250 nm. The weak absorption should be respon-

A A A AEuEup Cu sible for this behavior. As mentioned above, the absorption

———— —— by Tb** ions could not be detected by the UV-VIS measure-
0 1 2 3 4 5 6 7 8 9 10 ment.

Ekay Excited at a wavelengtti>380 nnj longer than the ab-

FIG. 2. TEM (a) and energy dispersive x-rath) of the composite SOrption edge of the k.0, host, the composite Of_
ex-Tig 910,/ EU. ex-Tig.910,/ Eu exhibited intense characteristic light origi-
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FIG. 5. Plausible model for the energy diagram to explain PL behavior.
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energy of the emitting state of RE ions. No sensitized fluo-
rescence in ex-Jig;0,/ Tb suggests that tr?®4 energy level
of Tb®* ions is higher than the defect state levels of the
Tig.910, nanosheet. The efficient energy transfer between
Tig 910, nanosheet and Btiions can be explained by a
higher position of the defect energy levels of the host than
the °D,, energy level of E&f.
In summary, titania based nanosized fluorescent materi-
als were synthesized by the simple flocculation method in-
: volving mixing of colloidal T ¢:0, nanosheets with aque-
300 400 500 600 700 ous RE ions. The materials had a homogeneous layered
Wavelength/nm structure accommodating RE ions at a high content of 10
FG. 4 PL  exciaon and  emission  specta  of mol %. Efﬁcient nonradiative energy transfe_r was ok_)served
ex-Tig.910,/H (a), €x-Tiy .10,/ Tb (b) and ex-Tj ,0,/Eu (c). The excitation between Tj ¢,0, nanOShee_ts and EUI_OnS' Bright req light
spectra were measured by monitoring the emission peak wavelength at 3060Uld be observed by exciting theyBiO, host and directly
544 and 612 nm for ex-§:0,/H, ex-Tig:0,/Tb and ex-Tio0,/Eu, re-  exciting the Ed* ions at wavelength beyond the oTiO,
spectively. The excitation wavelengths are also shown. absorption range, which suggests that this material could be
useful in optoelectronic devices.

nated from E&" [Fig. 4(c)]. Four main peaks at 590, 612, .
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