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Nanocrystalline Eu3þ-doped pyrochlore oxide M2Sn2O7 (M ¼ Gd and Y) has been successfully prepared
by a simple and facile hydrothermal synthesis method without the presence of catalysts. The effects of
hydrothermal temperature, time and base concentration on the pure phase of the products are inves-
tigated. It is found that tuning the base concentration was a crucial step for the control of the pure phase
of the M2Sn2O7 (M ¼ Gd and Y) nanocrystals. All the products were systematically characterized by
powder X-ray diffraction (XRD), field emission-scanning electron microscopy (FE-SEM), transmission
electron microscopy (TEM), Fourier-Transform Infrared Spectroscopy (FT-IR), photoluminescence (PL)
and photoluminescent excitation spectra (PLE). Furthermore, the luminescence mechanism and size
dependence of their spectral properties are also discussed in detail.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Pyrochlore oxides are of importance in view of their catalytic
activities and high-temperature stabilities in various reaction pro-
cesses [1]. The basic frameworkof thepyrochlore structures is a three-
dimensional corner-sharingnetworkofMO6octahedra [2,3]. Recently,
there hasbeen a growing interest in strong luminescence of europium
ions activated nanocrystals due to their promising applications in
fluorescent lamps[4], field emission display[5] and plasma display
panels[6]. M2Sn2O7 stannates (M ¼ rare earth) are conventionally
prepared from solid state reactions at high temperatures (�1400 �C).
Besides their high energy consumption, these solid state reactions
involve a series of laborious heating cycles at high temperatures and
repeated grinding of starting oxide components. The resulting
powders show extensive agglomeration and compositional inhomo-
geneity. Therefore, there is a real need to develop an alternative
synthesis route for pyrochlore stannates.Now, a fewpapers havebeen
published on the preparation and properties of undoped M2Sn2O7
stannates (M ¼ rare earth) nanocrystals [7e9], but far fewer papers
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have been published on the synthesis and properties of lanthanide-
doped M2Sn2O7 stannates (M¼ rare earth) nanocrystals[10e12]. The
hydrothermal synthesis technique [7,12] has been shown to be
promising in the preparation of complex oxides in terms of the rela-
tively lowreaction temperaturesemployed,highqualityof thecrystals
obtained and, in some cases, reduction in sizes of the particles of the
product solids. In this paper, M2Sn2O7:Eu3þ (M ¼ Gd and Y) nano-
crystals were prepared by hydrothermal synthesis method. The op-
timal synthesized conditions for M2Sn2O7:Eu3þ (M ¼ Gd and Y)
nanocrystals were studied. Finally, the luminescent properties of bulk
and nanocrystallineM2Sn2O7:Eu3þ (M¼ Gd and Y)were investigated
in detail.
2. Experimental sections

2.1. Preparation of M2Sn2O7:Eu
3þ (M ¼ Gd and Y) nanocrystals

2.1.1. Materials
Yttrium nitrate hexahydrate (Y(NO3)3∙6H2O), gadolinium nitrate

hexahydrate(Gd(NO3)3∙6H2O), tin tetrachloridepentahydrate (SnCl4∙
5H2O), europium nitrate pentahydrate (Eu(NO3)3∙5H2O) and hydra-
zinemonohydrate (N2H4 ∙H2O, 64e65%)were obtained fromAldrich.
All of the chemicals were used without further purification. For the
hydrothermal treatment, we used 80 mL Teflon cups.
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Fig. 1. XRD powder patterns of bulk and nanocrystalline M2Sn2O7:Eu3þ (M ¼ Gd and Y)
with different volume of N2H4$H2O, reaction temperature and time. The detailed
explanation is shown in Table 1.

Table 1
The synthesis conditions for bulk and nanocrystallineM2Sn2O7:Eu3þ (M¼Gd and Y).

Samples Volume Of temperature/�C Time/hours Phase(s) in product

N2H4∙H2O/ml

YSO-1 3.5 200 12 SnO2 þ Y2Sn2O7

YSO-2 3.5 200 24 Y2Sn2O7

YSO-3 4.5 200 24 SnO2 þ Y2Sn2O7

YSO-4 5 200 24 SnO2 þ Y2Sn2O7

YSO-5 - 1500 10 Y2Sn2O7

GSO-1 2.5 200 24 Gd2O3 þ Gd2Sn2O7

GSO-2 3 180 24 SnO2 þ Gd2Sn2O7

GSO-3 3 200 24 Gd2Sn2O7

GSO-4 4 200 12 SnO2 þ Gd2O3

þ Gd2Sn2O7

GSO-5 5 200 24 SnO2 þ Gd2O3

þ Gd2Sn2O7

GSO-6 - 1500 10 Gd2Sn2O7
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2.1.2. Synthesis
In a representative synthesis route, yttrium nitrate hexahydrate

(Y(NO3)3∙6H2O, 1.155 mmol), or gadolinium nitrate hexahydrate(Gd
(NO3)3∙6H2O, 1.155 mmol), tin tetrachloride pentahydrate (SnCl4∙
5H2O, 1.155 mmol) and europium nitrate pentahydrate (Eu(NO3)3∙
5H2O,0.035mmol)weredissolved in35mLof deionizedwater and the
mixturewas stirred for1h. Thenhydrazinemonohydrate (N2H4∙H2O)
acting as themineralizerwas addeddropwise into the above solutions
with different volume ratios. N2H4 ∙ H2O immediately reacted with
SnCl4 and rare earthnitrate solutions anda slurrylikewhite precipitate
was formed. Themixturewas stirred again for 2 h. Finally, themixture
was placed in a polytetrafluoroethylene (PTFE) vessel, and the
vessel was capped by a PTFE cover and was placed inside a stainless
steel autoclave. The autoclave was maintained at 200 �C for 24 h and
coolednaturally to room temperature. Theprecipitatewasfiltered and
washed with alcohol and deionized water several times. The precipi-
tatesweredriedat50 �Conair.Theprecursorpowderswerecalcinedat
900 �C for 3h. Finally, the uniformdistributionM2Sn2O7:Eu3þ (M¼Gd
and Y) nanocrystals were obtained.

In order to investigate the luminescent properties, bulkM2Sn2O7:
Eu3þ (M ¼ Gd and Y) powders were obtained by direct solid state
reaction method. The starting materials were Y2O3, Gd2O3, SnO2 and
Eu2O3. According to the nominal compositions of compounds
M2Sn2O7: xEu3þ (M¼Gd and Y; x¼ 0.03), the appropriate amount of
startingmaterials were thoroughlymixed and ground then heated at
800 �C for 4 h. After being reground, theywere calcined at 1500 �C for
two days and regrinding at least two or three times. In addition, it
shouldbementioned that the activators content (Eu)wasmaintained
at 3 mol % for the prepared samples.

2.2. Characterization

The structural characteristics of the bulk and nanocrystals
M2Sn2O7:Eu3þ (M ¼ Gd and Y) were measured from the X-ray
diffraction (XRD) patterns using a Philips XPert/MPD diffraction
system with Cu Ka (l ¼ 0.15405 nm) radiation and the Fourier-
Transform-Near Infrared Spectrometer (FT-IR, Perkin Elmer(USA)
Spectrum GX). Themorphology and the size of the obtained samples
were observed with field emission-scanning electron microscopy
(FE-SEM, JSM-6700F, JEOL) and transmission electron microscopy
(TEM, JEM-2010 JEOL). For the optical investigation, the photo-
luminescence (PL) and photoluminescence excitation spectra (PLE)
measurements were obtained at room temperature by using a lumi-
nescence spectrometer (PTI, TimeResolved FluorescenceMeter)with
Xe-lamp as an excitation source. The high-resolved emission spectra
were detected byaDye laser (Spectron Laser Sys. SL4000)pumpedby
the second harmonic (532 nm) of a pulsed Nd:YAG (yttrium
aluminum garnet) laser (Spectron Laser Sys. SL802G).

3. Results and discussion

3.1. Synthesis and morphology of M2Sn2O7:Eu
3þ (M ¼ Gd and Y)

Fig.1 shows the resultsof theXRDanalysisof thecalcinedpowders
as a function of N2H4 ∙H2O volume in the range of 2.5e5ml. Suitable
conditions for the synthesis of single phase crystallineM2Sn2O7:Eu3þ

(M¼Gd and Y) powderswere investigated by varying such factors as
the base (N2H4 ∙H2O) concentration, reaction temperature and time.
N2H4 ∙H2O acted as amineralizer andplayed an important role in the
synthesesofM2Sn2O7:Eu3þ (M¼GdandY). Firstly, theonlyvariable is
the base concentration used for each reaction system. For example, at
aN2H4 ∙H2Ovolumeof<3ml in theGd system,Gd2O3was formedas
impurity, whereas 4 ml N2H4 ∙ H2O led to the formation of SnO2 as
impurity; the suitable N2H4 ∙ H2O volume for the Gd and Y systems
were ca. 3 and 3.5 ml, respectively. In these experimental ranges, no
impurity peaks were detected. All the peaks can be indexed to the
cubic phase of Gd2Sn2O7 and Y2Sn2O7, which are in agreement with
the standard data from JCPDS card No. 13-0186 and 13-0178,
respectively. Ingeneral, thenanocrystallite sizecanbeestimated from
the Scherrer equation, D ¼ 0.89l/b cosq, where D is the average



Fig. 2. FE-SEM images of Gd2Sn2O7:Eu3þ (a) and Y2Sn2O7:Eu3þ (b) nanocrystals.
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crystallite size, l is theX-raywavelength (0.15405nm), and qandbare
thediffractionangle and full-widthathalf-maximum(in radian)of an
observed peak, respectively. The estimated average crystallite sizes
are about 42 and 28 nm for GSO-3 and YSO-2, respectively.

In addition, the reaction temperature and time also influenced
the formation of products. When the temperature is at 180 �C,
however, we can not obtain the pure phase (GSO-2). While the time
is shorter than 24 h, we also can not obtain the pure phase (YSO-1).
Therefore, a crystallization temperature of 200 �C and a crystalli-
zation time of 24 h were optimal. All the synthesis conditions for
the bulk and nanocrystalline M2Sn2O7:Eu3þ (M ¼ Gd and Y) were
listed in Table 1. Fig. 2(a) and (b) presents typical FE-SEM images of
nanocrystalline M2Sn2O7:Eu3þ (M ¼ Gd and Y) after annealed at
900 �C. For the M2Sn2O7:Eu3þ (M ¼ Gd and Y) nanocrystals, all the
particles are regular and uniform, which are also confirmed by TEM
(Fig. 3(a) and (b)).The particle sizes were estimated about 50 and
30 nm for GSO-3 and YSO-2 nanocrystals, respectively, which are
consistent with the calculated sizes by the Scherrer equation.

It has been reported that pyrochlore oxides exhibit seven IR
bands in the range of 750e50 cm�1 originating from vibration and
bending of metal-oxygen bonds [1]. However, it is impossible to
report IR spectra below 500 cm�1 with our instrument. The effect of
the cation and particle size was evident in the FT-IR spectra of
M2Sn2O7:Eu3þ (M ¼ Gd and Y), as shown in Fig. 4. All spectra show
one broad band due to M-O-Sn vibrations which shift progressively
to higher wavenumbers, as a consequence of differences in ionic
size from Gd(1.078Å) to Y(1.040Å) [7]. Basically three factors seem
to influence the location of the band maxima: (i) radius of the M3þ
Fig. 3. TEM micrographs of Gd2Sn2O7:Eu3þ
ions, (ii) themass of theM element and (iii) the occurrence of theM
element in Group IIIa or IIIb(Ln’s). It is as expected that the high
frequency band (520e575 cm�1) is in direct proportion to the
crystallographic lattice parameter (and hence the unit cell volume)
a in the pyrochlores and as a decreases, the bond strength increases
[13]. However, in this case, compared with that of bulk materials,
the IR absorption bands in nanocrystals shift to higher wave-
numbers with the decease of particles size, which could result from
somewhat different chemical environment.

3.2. Spectral analysis of bulk and nanocrystalline M2Sn2O7:Eu
3þ

(M ¼ Gd and Y)

Fig. 5 shows representative roomtemperaturephotoluminescence
excitation (PLE) spectra of bulk and nanocrystalline M2Sn2O7:Eu3þ

(M¼GdandY). The excitation spectrumexhibits broadbandbetween
200 and 300 nm, which can be attributed to charge transfer band
between the Eu3þ and the surrounding oxygen anions [14e16]. The
excitation peaks of bulk Gd2Sn2O7:Eu3þ and Y2Sn2O7:Eu3þ are
centered at 274 and 270 nm, respectively, indicative of a blue-shift
orientationwhenM3þ is changed from Gd3þ to Y3þ; As reported, CTB
is strongly related to the covalency between O2� and Eu3þ [17,18]. In
the bond structure of Eu3þ�O2��M3þ (M¼ Gd and Y), the degree of
covalency of the Eu3þ�O2� bond is weaker in the Y2Sn2O7 structure
becauseY3þ attracts electrons ofO2�most stronglydue to the fact that
it has the larger electronegativity and the smaller radius [17,18].
Therefore, it could be easier for the electronic transition from the 2p
orbital of O2� to the 4f orbital of Eu3þ in theGd2Sn2O7 host than in the
(a) and Y2Sn2O7:Eu3þ (b) nanocrystals.



Fig. 4. FT-IR spectra of Gd2Sn2O7:Eu3þ (a) and Y2Sn2O7:Eu3þ (b) nanocrystals. Fig. 5. PLE spectra of bulk and nanocrystalline Gd2Sn2O7:Eu3þ(a); Y2Sn2O7:Eu3þ (b)for
the emission at 587 and 589 nm, respectively.

Table 2
Unit cell parameters for M2Sn2O7:Eu3þ (M ¼ Gd and Y) bulk and nanocrystalline
samples.

Sample a(Å) Std. error for a (Å) Cell volume (Å3)

JCPDS#13-0086 (Gd2Sn2O7) 10.460 1144.4
GSO-6 (Bulk) 10.417 �0.0061 1130.4
C-SO-3 (Nano) 10.464 �0.0022 1145.7
JCPDS 13-0078 (Y2Sn2O7) 10.371 1115.5
YSO-5 (Bulk) 10.327 �0.0076 1101.3
YSO-2 (Nano) 10.393 �0.0024 1122.7
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Y2Sn2O7 one, and thus the CTB energy of Eu3þ decreases in the series
of Y3þ to Gd3þ stannate phosphors.

The PLE spectra of nanocrystalline M2Sn2O7:Eu3þ (M¼ Gd and Y)
were showninFig. 5(Nano).Comparedwith thatof thecorresponding
bulkmaterials, the excitation bands of nanocrystallineM2Sn2O7:Eu3þ

(M ¼ Gd and Y) show obvious red shift, which is responsible for the
change of the unit cell parameters in Table 2. For nanocrystalline
M2Sn2O7:Eu3þ (M¼Gd and Y), the unit cell parameters increasewith
the particle size decrease, so Eu3þ�O2� bond length becomes longer
in nanocrystals. The degree of covalency of the Eu3þ�O2� becomes
stronger in the nanocrystalline M2Sn2O7:Eu3þ (M ¼ Gd and Y).
Therefore, the CTB energy of Eu3þ in nanocrystals located in lower
energy, which is in good agreement with the rule in the bulk CTB
energy change from Y to Gd.

It is well-known that the chromaticity of the emission from the
Eu3þ ions depends on the local symmetry due to the transition rules
described in terms of JuddeOfelt theory [19]. When the Eu3þ ions
locate in the sites with the inversion center, the orange emissions
become relatively strong, while the red emissions become veryweak
because electronic dipole transitions are parity forbidden. If the
lattice around Eu3þ ions is distorted, their local symmetry deviates
fromthe inversioncenter,whichallows redemissions. Pyrochlorehas
a face-centered cubic structure (space group Fd3m) with eight
formula units per conventional unit cell [20]. In the ideal A2B2O7
pyrochlore structure the A site is a distorted cube and the B site is
regular octahedron [21]. The coordination is 8-fold for the A site and
6-fold for the B site. In M2Sn2O7, therefore, M3þ and Sn4þ are sur-
rounded by eight and six oxygen ions, respectively. Because eight
oxygen ions form a distorted cube, theM3þ site symmetry is lowered
to D3d [22]. The charge and ionic radii of Eu3þ (1.066 Å for the coor-
dination number of 8) would prefer substitution for M3þ rather than
for Sn4þ (0.69 Å) in the M2Sn2O7 lattice. Fig. 6 displays the PL spectra
in bulk and nanocrystallineM2Sn2O7:Eu3þ (M¼Gd and Y). Assuming
that Eu3þ is located at the site with D3d symmetry, the enhanced
and sharpened 5D0-7F1 emissions of Eu3þ in the nanocrystalline
M2Sn2O7(see Fig. 6(Nano) host crystal canbe reasonablyexplainedby
the allowed magneticedipole transition due to the presence of an
inversion center. Nevertheless, the split 5D0-7F2 emissions coexist in
the spectra even for the highly crystalline M2Sn2O7:Eu3þ that was



Fig. 6. PL spectra of bulk and nanocrystalline Gd2Sn2O7:Eu3þ and Y2Sn2O7:Eu3þ for the
excitation at 274, 276, 270 and 278 nm, respectively.

Fig. 7. High-resolved emission spectra of bulk Gd2Sn2O7:Eu3þ and Y2Sn2O7:Eu3þ for
the excitation at 576.00 and 575.76 nm, respectively.
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heated at 1500 �C see Fig. 6(Bulk)). It might be regard that a local
distortion of the crystal field might be produced in bulk and nano-
crystals, reducing the symmetry of crystal field surrounding the Eu3þ

activator, and then red emissions are allowed. Therefore, the peaks
labeled by arrow in PL spectra could be relation to the lattice
distortion.

The 5D0-7F1 transitions of the Eu3þ ions were split into two lines
(1 and 2), indicating that the Eu3þ ions were located in the site with
D3d symmetry. The peak wavelengths of the 5D0-7F1 transitions
(l1 and l2) and splitting widths (Dl ¼ l1-l2) for bulk and nano-
crystallineM2Sn2O7:Eu3þ (M¼ Gd and Y) are summarized in Table 3.
For the same kind ofmaterials between the bulk and nanocrystals, no
Table 3
Peak wavelengths of the 5D0-7F1 transition of M2Sn2O7:Eu3þ (M ¼ Gd and Y) bulk
and nanocrystalline samples.

Sample Peak wavelengths nm Splitting width

l1 l2 (Dl)/cm�1

GSO-6 (Bulk) 588 598 285
GSO-3 (Nano) 588 598 285
YSO-5 (Bulk) 589 597 228
YSO-2 (Nano) 589 597 228
obvious change for the splitting widths was observed. However,
significant change was observed for the splitting widths between
Y2Sn2O7:Eu3þ and Gd2Sn2O7:Eu3þ.The high-resolved emission
spectra of bulk M2Sn2O7:Eu3þ (M ¼ Gd and Y) were also shown in
Fig. 7. The splittingwidths inGd2Sn2O7:Eu3þ system is larger than that
in Y2Sn2O7:Eu3þ, which suggested that the crystal field strength in
Gd2Sn2O7:Eu3þ is stronger than that in Y2Sn2O7:Eu3þ. This is consis-
tent with the observed results of CTB in M2Sn2O7:Eu3þ (M ¼ Gd and
Y). The centre energy is higher, the crystal field strength is stronger,
the CTB should locate in lower energy. McCauley and Humnel [23]
reported that larger distortion of EuO8 scalenohedra induces larger
splitting widths of the 5D0-7F1 transitions of Eu3þ ions in
A2B2O7(A ¼ La, Gd, Y, Lu; B ¼ Ti, Zr, Sn) pyrochlores.
4. Conclusion

M2Sn2O7:Eu3þ (M ¼ Gd and Y) nanocrystals have been
successfully synthesized by a hydrothermal process followed
further calcining treatment. Suitable conditions for the synthesis of
single phase M2Sn2O7:Eu3þ (M ¼ Gd and Y) nanocrystals were
a crystallization temperature of 200 �C and a crystallization time of
24 h. Repetitions experiments confirmed that this method was not
only simple but also quite effective. Compared with that of bulk
materials, the IR absorption bands in nanocrystals show a small
shift, which results from somewhat different chemical environ-
ment. The CTB energy of Eu3þ in nanocrystals located in lower
energy, which is in good agreement with the rule in the bulk CTB
energy change from Y to Gd. PL spectra indicated the occurrence of
the orange and red luminescence at a single-wavelength excitation
due to the doubly split 5D0-7F1 and 5D0-7F2 transitions, which could
be relation to the lattice distortion surrounding the Eu3þ activator.
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