© 2004 The Chemical Society of Japan

Bull. Chem. Soc. Jpn., 77, 807-812 (2004)

Preparation and Physical Properties of EuO Nanocrystals Using
Eu(II)-Exchanged Zeolite X as a Precursor
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The cation-exchange of zeolite X with divalent europium has been achieved using a methanol solution containing
Eu(Il) prepared by photochemical reduction of Eu(IlI). Emission spectra have confirmed that the valence of europium ion
in the ion-exchanged zeolite X was divalent. A blue shift of emission spectra was observed after exposing Eu(I)X to air at
room temperature. TEM have revealed the formation of EuO nanocrystals with average size of 4.2 nm on the outer surface
of Eu(I)X. EuO nanocrystals show ferromagnetism accompanied by photo-response magnetism under UV irradiation.
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Zeolite is known as a useful nano-scaled host for functional
organic molecules, semiconductors and metals since it has
well-defined crystal structure with an internal porous open
framework of molecular dimension.''® Lately, new ap-
proaches using the cavity of zeolite for a host of an emitting
center have been demonstrated, in which the Nd(III) complex
and the Eu(IIl) complexes in a supercage of faujasite-typed
zeolite showed highly efficient luminescence from 4f—4f elec-
tronic transition.>™

On the other hand, the electronic transition of Eu(Il) is as-
signed to 4f-5d allowed transition, and leads to the broad emis-
sion and optomagnetic properties. An oxide form of Eu(Il), i.e.,
EuO, is a ferromagnetic semiconductor.'” Especially, the nano-
crystals of EuO and EuS show photoemission and magnetic
properties that are different from those of bulk compounds.'$-23
Although Eu(II)-containing zeolites have high potential as lu-
minescent and optomagnetic materials, only a few reports by
Stucky and Arakawa have described Eu(Il)-containing zeo-
lites.?*28 Arakawa and co-workers reported that Eu(III) in Y-
type zeolite could be reduced to Eu(Il) upon heat-treatment
above 300 °C.?6-28 However, it contained only a little amount
of Eu(Il) cations per unit cell.

Zeolite X can contain a high density of cations per unit cell
because of a large supercage size (13 A) and ease of ion ex-
change. In 1980s, Stucky and co-workers reported that in the
ion exchange reaction of zeolites with Eu(OH);-(H,0),, the
zeolites involved Eu(IIl) instead of Eu(Il) because of the insta-
bility of Eu(OH), - (H,0),.2*? They also introduced Eu(II) into
A, Y, and X zeolites by ion exchange reaction via metallic
europium dissolved in liquid ammonia.?** According to their
reports, the metal in liquid ammonia gave defects in zeolites
that affected the physical properties of the samples.

In this work, we have successfully introduced Eu(Il) into

zeolite X through ion-exchange reaction using a Eu(II) solution
prepared by a photochemical reaction for the first time. Euro-
pium(II) cations in zeolite X were characterized by ICP-AES
(Inductively Coupled Plasma Atomic Emission Spectroscopy),
XPS (X-ray Photoelectron Spectroscopy) and photoemission
spectra. Furthermore, by oxidation of Eu(Il)X in the atmo-
sphere, we have found that EuO nanocrystals were formed on
the outer surface of zeolite X. The optical, magnetic and pho-
to-response magnetic properties of the EuO nanocrystals on
the surface of zeolite are discussed using fluorescent spectra
and magnetic measurements.

Experimental

Materials.  Europium(III) chloride (EuCls-6H,0 99.99%),
methanol (CH3OH 99.99%), potassium carbonate (K,CO3
99.5%) and the standard europium and aluminum solutions
(1000 ppm) were purchased from Wako Pure Chemical Industries,
Ltd. Zeolite Na-13X with composition of Nags(AlO;)gs-
(58107)106+26H,0O was bought from Nikka-Seiko Co., Ltd. All of
the chemicals were reagent grade and were used as received.

Preparation of Eu(II)Cl, Solution. In a quartz vessel, EuCl;
(75 mM) was dissolved in methanol (200 mL), and the solution was
irradiated by a low-pressure mercury arc lamp (200 W) at 25 °C
under an inert atmosphere. The reduction reaction of Eu(Ill) to
Eu(Il) was monitored by the emission of Eu(Il) and Eu(Ill) at
425 nm and 475 nm, respectively. The complete reaction took 8
days.

Ion Exchange Reaction. Europium(II)-Exchanged Zeolite
X (Eu(I)X): Under an inert atmosphere, Na-exchanged zeolite
X (NaX) (1.0 g) was added to a methanol solution of Eu(II)Cl,
(75 mM, 100 mL) and stirred at room temperature for 48 h. The
zeolite X was washed several times with pure methanol. The
powder was introduced into a quartz optical cell, then heat-dried
(120 °C, 2 h) and closed in vacuum. The obtained sample was pale
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yellow powder.

Europium(III)-Exchanged Zeolite X (Eu(II)X): Sodium-
exchanged zeolite X (NaX) (1.0 g) was added to water solution
of Eu(IIT)Cl; (75 mmol, 100 mL) and refluxed for 24 h. The zeolite
was washed with de-ionized water several times. The powder was
introduced to a quartz optical cell, then heat-dried (120 °C, 2 h) and
closed in vacuum. The obtained sample was white powder.

Preparation of EuO Nanocrystals from Eu(IDX (Eu(I)X-
air). The Eu(II)X was kept in the atmosphere at room temperature
for 24 h. The sample after being exposed to air is named ‘Eu(II)X-
air’. After being exposed to air, the sample was kept in inert gas for
further characterization. Eu(Il)X-air was characterized by trans-
mission electron microscopy (TEM), the electron diffraction pat-
terns and magnetic measurements. A small amount of Eu(Il)X-
air was kept in atmosphere and its emission spectra were
monitored.

Apparatus. Inductively Coupled Plasma Atomic Emission
Spectroscopy (ICP-AES) analysis was performed on a Seiko
Instruments SPS1500VR. Europium(Il)-exchanged zeolite X
(Eu(IDX) or Eu(IIX was mixed with K,CO3 powder and heated
until the mixture was turned into a melting salt. The samples were
diluted with 1 M HNOj solution. The standard solution was pre-
pared from commercially available 1000 ppm Eu and Al standard
stock solutions, respectively. The ion exchange level was calculat-
ed using the molar ratio of aluminum and europium as shown in
Eq. 1.

Ion exchange level (%) = (Eu (mol) x n/Al (mol) x 1) x 100
(n: valence number; n = 2 for Eu(IDX, n = 3 for Eu(I1I[)X) (1)

X-ray diffraction (XRD) patterns were recorded on a Rigaku X-
ray Diffractometer Multiflex using monochromated Cu Ko radia-
tion. No significant difference of XRD patterns was observed after
the ion exchange of NaX with Eu(Il) and Eu(IIl).

Transmission Electron Microscopy (TEM) images were ob-
tained with a Hitachi H-9000 TEM equipped with a tilting device
(£10 degrees) and operating at 300 kV (C; = 0.9 nm). Images were
recorded under axial illumination at approximate Scherzer focus,
with a point resolution better than 0.9 nm.

The photoemission spectra of EuCls solution, Eu(IDX, Eu(II[)X,
and Eu(Il)X-air powder samples were measured by a Hitachi F-
4500 fluorescent spectrophotometer at room temperature.

X-ray Photoelectron Spectroscopy (XPS) spectra were recorded
on PHI ESCA5700 using monochromated Al Ko radiation (1486.6
eV) at 350 W (14.0 KV, 35 mA). A base pressure of 1.0 x 1070
Torr was maintained during the experiments. Europium(II)-ex-
changed zeolite X (Eu(IDX) or Eu(II)X power was ground with
a small amount of boron nitride (BN, B1s: 190.5 eV) as the internal
standard and pressed into a pellet to give a circular disk <0.5 mm
thickness and 5 mm in diameter. The B1s line (190.5 eV) of the in-
ternal standard was used for spectral calibration. Before the meas-
urements, the surfaces of the samples were carefully cleaned by
Ar™ beam (4 kV) for 2 min.

Magnetic measurements were performed by a superconducting
quantum interference device (SQUID) magnetometer. Each sam-
ple was pressed into a small disk having the thickness of less than
0.5 mm and the area of 2 x 3 mm?. The correlation between mag-
netization and temperature was recorded under magnetic field at
0.1 T, for temperatures from 10 to 150 K. The correlation between
magnetization and magnetic field was recorded at 5 K under mag-
netic fields from —1.0 to 1.0 T with and without irradiation by a
low-pressure mercury arc lamp (4 = 254 nm) via an optical fiber.

EuO Nanocrystals on Zeolite

Eu"(CH;OHl), + hv. —— EU'(CHOH),, + CH,OH"
CH;OH' + CHOH ——> CH,0OH," + -CH,OH
“CH,OH + Eu(ll) — > Eu(ll) + H* + HCHO
Scheme 1. Photochemical reduction of Eu(Ill) to Eu(Il).

Results and Discussion

Preparation of Eu(II)X and Eu(II)X. Commonly, Eu(Il)
is oxidized into Eu(III) rapidly with oxygen and moisture in the
atmosphere. For example, the ion exchange reaction of zeolites
with Eu(OH);-(H;0),, gives Eu(Ill) instead of Eu(Il) in the
zeolites because of the instability of Eu(OH),.(H,0),.>*?
The commercially available EuCl, is not stable enough for
the long-time ion exchange reaction. We performed the ion ex-
change of NaX with the Eu(II) solution prepared by the photo-
reduction of EuCl; in methanol. As the result we obtained the
first Eu(II)-exchanged zeolite which was stable in inert gas. The
photoreductions of Eu(IIl) to Eu(Il) were previously reported
by Donohou,?*° and by Kusaba and co-workers.?! The reac-
tion is shown in Scheme 1. In our previous work, we reported
that, in photochemical synthesis of EuO nanocrystals, formal-
dehyde reacts with urea to give polyurea, which stabilizes the
surface of EuO nanocrystals.?! In this case, organic molecules
generated in the later steps ((HCHO),,, HCOOH, etc.) are con-
sidered to be stabilizers for Eu(Il) in methanol.

Characterization of Eu(Il) in Eu(Il)X. The reduction
process of Eu(Ill) to Eu(Il) was monitored by the emission
spectra of the europium ions. Eu(Ill) showed a sharp red emis-
sion spectrum at 613 nm due to "Dy — ’F, electronic transi-
tion, and Eu(Il) showed a broad emission due to the 4f—5d elec-
tron transition. Upon the irradiation of UV light to a methanol
solution of EuClj, the emission intensity of Eu(IIl) at 613 nm
decreased gradually (Fig. 1a). In contrast, the emission intensi-
ty of Eu(Il) at 425 nm increased (Fig. 1b). These results indicat-
ed that Eu(Ill) was reduced into Eu(Il) under UV irradiation. A
valley-shaped decrease around 395 nm in the emission spectra
was attributed to the absorption of Eu(IIl) ("Fy — >Ls). Euro-
pium(Il)-exchanged zeolite X (Eu(I)X) was prepared by the
ion exchange reaction of zeolite NaX with the above Eu(Il)
methanol solution.

Figure 1c shows the emission spectra of EuCl, in methanol
and Eu(I)X under excitation at 360 nm. The peak top of the
band emission shifted from 425 to 475 nm in the emission of
Eu(II)X. Europium(II) was thought to be successfully intro-
duced into the cavity of zeolite X because the shift of the emis-
sion was caused by the change in the environment from a meth-
anol solution to the cavity of zeolite X. Note that the reported
emission of Eu(Il) in zeolite Y and mordenite was observed
at 455 nm and 488 nm, respectively.?*?% On the other hand,
we observed only a line emission of Eu(Ill) at 613 nm from
Eu(IDX.

The compositions of Eu(I)X and Eu(II)X determined by
ICP-AES are shown in Table 1. The ion exchanged degree of
Eu(II)X and Eu(IID)X were 54% and 95%, respectively. While
the ion exchange level of Eu(Il)X was lower than Eu(III)X be-
cause of the difference in their valence numbers, the numbers of
europium ions per unit cell for Eu(INX and Eu(IIT)X were esti-
mated to be 23 and 27, respectively.
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Fig. 1. (a) Emission spectra of Eu(Ill) in the reaction solu-
tion from O to 8 days (Ex = 395 nm). (b) Emission spectra
of Eu(Il) in the reaction solution from O to 8 days (Ex =
360 nm). (c) The emission spectrum of the reaction solu-
tion at the 8th day compared with that of Eu(IDX (Ex =
360 nm).

Table 1. Ratio of Europium and Aluminum and Ion
Exchange Levels in Eu(I)X and Eu(IIl)X Determined by
ICP-AES

Samples Eu(IDX Eu(IIDX
Al (ppm/mmol) 17.76/0.66 103.842/3.85
Eu (ppm/mmol) 27.27/0.18 185.667/1.22
Exchange level/% 54 95
Number of Eu per unit cell 23.25 27.30
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Fig. 2. (a) XPS spectra showing binding energy of Eu3d
orbital in Eu(II[)X and Eu(ID)X. (b) XPS spectra showing
binding energy of Ols orbital of Eu(II)X and Eu(I)X.

XPS analysis is a good tool to obtain the information of elec-
tronic states of the compounds.?*—3* The Eu3d spectra of Eu-
(DX and Eu(II)X are shown in Fig. 2a. Compared with the
binding energy of Eu(Ill)X, that of Eu(I)X revealed no shift.
However, the shapes of the spectra were apparently different
from each other. In the case of Eu(Ill)X, the peak intensity at
1159 eV and 1129 eV were smaller than those of 1169 eV
and 1139 eV. On the other hand, the peak intensities at 1159
eV and 1129 eV of Eu(Il)X were larger than those of at 1169
eV and 1139 eV. The result agreed with a previous report that
the ratios between the satellite peaks and the main peaks of
Eu3d of Eu(Il) compounds were larger than those of Eu(IIl)
compounds.®?>3* On the other hand, the difference between
the interactions of framework oxygen and europium ion, i.e.,
0% /Eu(I) and O*> /Eu(IIl) in zeolite X, was observed from
the binding energy of Ols. The peak of Ols showed a shift
by 0.7 eV from 531.7 eV of Eu(IDX to 532.5 eV of Eu(II)X
(Fig. 2b), supporting the conclusion that Eu(II) and Eu(IIl)
were incorporated in the zeolite.

Formation of EuO Nanocrystals from Eu(I)X. The
changes of the emission spectra after exposing Eu(ID)X to air
(Eu(I)X-air) are shown in Fig. 3a. We observed that the inten-
sity of the emission decreased, and the peak shifted toward
shorter wavelength after 12 days-exposure to air (Fig. 3b).



810  Bull. Chem. Soc. Jpn., 77, No. 4 (2004)

a
=5
-]
=y Eu(INX
g Eu(ID)X-3days
= Eu(I)X-12days
! I
400 450 500 550
Wavelength / nm
b
=
[
z
=
I 1
400 450 500 550
Wavelength / nm
Eulpx €

Eu(Il)X-3days
Eu(Il)X-12days

Intensity / a.u.

i 1 ]
560 580 600 620 640
Wavelength / nm

Fig. 3. (a) Change of the emission spectra of Eu(I)X in air
(Ex = 360 nm). (b) Emission of Eu(IDX after 12 days
(magnified). (¢c) Change of emission spectra of Eu(IDX in
air (Ex = 395 nm).

The emission of Eu(IIl) gradually increased (Fig. 3c) in paral-
lel. TEM images of Eu(II)X and Eu(II)X-air are shown in Figs.
4a—4e. The TEM image of Eu(Il)X (Fig. 4b) showed the clean
surface of a zeolite particle having the electron diffraction pat-
tern of zeolite X (Fig. 4a). On the other hand, we observed a
number of small particles with average size of 4.2 nm on the
outer surface of Eu(Il)X-air (Fig. 4c). The electron diffraction
patterns of these particles (area II) revealed the d values of
2.95, 2.43, 1.78, and 1.51 A, corresponding to (111), (200),
(220), and (222) planes of NaCl type EuO (Fig. 4e). We did
not observe any electron diffraction pattern of EuO from the in-
side of the Eu(I)X-air particle (area I), but only that of the zeo-
lite (Fig. 4d). The result indicated the formation of EuO nano-
crystals only on the outer surface of Eu(I)X-air. Therefore, the

EuO Nanocrystals on Zeolite

emission below 450 nm of Eu(Il)X-air (12 days) was then con-
sidered to be the emission from the EuO nanocrystals. The size
distribution of the nano-sized EuO particles is also demonstrat-
ed in Fig. 4f. The average particle size was 4.2 nm and the range
of the size was 2—7 nm, the narrow size distribution is due to the
stabilizing effect of the zeolite surface.

We propose a formation mechanism of EuO nanocrystals as
shown in Fig. 5. When Eu(ID)X is kept in the atmosphere, O,
rapidly penetrates the cavity of the zeolite X. A molecule of
0O, oxidizes four Eu(Il), giving four Eu(Ill) cations and two
O?~ anions. Note that an increase of the valence state of Eu(Il)
to Eu(III) breaks the charge balance between cations and minus
charges of zeolite X, so that two Eu(II) cations will be forced
out of zeolite X (Step 1). The two Eu(Il) cations react with
two O>~ anions to give EuO nanocrystals on the outer surface
of the zeolite X (Step 2).

Magnetic Measurements. According to our previous stud-
ies, the spindle-type EuO nanocrystals (av. length of 280 nm
and width of 95 nm), which were prepared from liquid ammo-
nia method, showed ferromagnetism at low temperatures, but
the photoemission and photo-response magnetism (an increase
of magnetization under UV irradiation) were not observed.”
On the other hand, the photo-emissive EuO nanocrystals pre-
pared (av. diameter of 3.4 nm) by a photochemical reaction
of Eu(NO3); did not show ferromagnetism.?! We were interest-
ed in the magnetic properties of EuO specimens having the
nano size located at the outer surface of zeolites.

We performed the magnetic measurements of Eu(IDX,
Eu(IIDX and Eu(Il)X-air. The temperature (7)) dependences
of the magnetization (M) of Eu(I)X and Eu(II)X-air are shown
in Fig. 6a and Fig. 6b. We found that both Eu(I)X and
Eu(II)X-air were paramagnetic. However, Eu(Il)X-air turned
into ferromagnetic phase below 70 K (Fig. 6b). The curie point
of Eu(Il)X-air was the same as that of bulk EuO. According to
the magnetic field (H) dependence of magnetization (M), we
observed an S character-type curve, indicating ferromagnetism
of Eu(Il)X-air. Eu(Il)X-air also revealed an increase of magnet-
ization under irradiation of UV light, as found in the emissive
EuO nanocrystals (Fig. 6b). It should be emphasized that
EuO nanocrystals formed on the outer surface showed not only
strong emission and photo-response magnetism, but also ferro-
magnetism, which was not observed for the EuO nanocrystals
prepared by a photochemical reaction without zeolite. Not only
the size of the crystals but also the surface structure of the crys-
tals affected by the surrounding environments should affect
their magnetic properties.

Conclusions

Europium(II)-exchanged zeolite X was prepared for the first
time by the ion exchange of NaX with Eu(Il), which was pre-
pared by a photochemical reaction. Emission spectra and
XPS spectra of Eu(I)X indicated that Eu(Il) were incorporated
in the cavity of zeolite X. When Eu(IT)X was exposed to the at-
mosphere, EuO crystals having the average size of 4.2 nm were
formed on the outer surface of zeolite X through the oxidation
of Eu(Il) in the cavity with oxygen. The EuO nanocrystals lo-
cated on the outer surface of zeolites showed ferromagnetism
at low temperatures. The present work showed that not only
the size of the crystals but also the surface structure of the crys-
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(a) TEM images of Eu(I)X. (b) Electron diffraction pattern of Eu(Il)X nanocrystals. (¢) TEM images of Eu(I[)X-air. (d)

Electron diffraction pattern in area (I) of Eu(II)X-air. (e) Diffraction pattern of area (II) of Eu(ID)X-air. (f) Size distribution of

the EuO nanocrystals.
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Fig. 5. Postulated reaction mechanism of oxidation of
Eu(IDX and formation of EuO nanocrystals (Eu"t g, = a
europium ion locating inside the cavity of zeolite X,
Eu"* (ouy = a europium ion on the outer surface of zeolite
X).

tals affected by the surrounding environments should affect
their magnetic properties. Furthermore, photoemission and
photo-response magnetic properties were observed in the
EuO nanocrystals presented in this work. The EuO nanocrystals
would be promising for luminescent material and optical de-
vices. Especially, Eu(Il)X-air having photo-response ferromag-
netism is expected to be useful in applications such as photo-as-
sisted isolators and magnetic devices for optical telecommuni-
cation systems.?!
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