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Abstract

Oxides of composition Ln,ZrTiO; (Ln = Sm and Nd) were prepared by sol-gel method and characterized by powder X-ray diffraction (XRD),
energy dispersive spectra (EDS), Raman, X-ray photoelectron spectroscopy (XPS), transmission electron microscopy (TEM) and scanning
electron microscopy (SEM). These compounds were crystallized in the disordered pyrochlore structure in cubic lattice with Fd3m space group. The
TEM images of Sm,ZrTiO; and Nd,ZrTiO; prepared at 600 °C gave the particle size of 13 and 21 nm respectively. The photocatalytic activity of
products was studied using photodegradation of methyl orange under UV light irradiation. The photocatalytic activity of these oxides was found to
be less than that of La,Zr,0; and Nd,Zr,0O. The 3d profile of Nd,ZrTiO, gave satellite peaks on the low binding energy side in the XPS spectrum
which were absent in the XPS spectrum of Sm,ZrTiO;. The reasons for the observation of satellite peaks were given.
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1. Introduction

Oxide materials exhibiting pyrochlore structure have
attracted scientific and industrial community due to their
interesting properties and potential applications. These
compounds have high photocatalytic activity, piezoelectric
behavior, ferro- and ferrimagnetisms, order/disorder transfor-
mations, high thermal expansion coefficient, range of
electrical and ionic conductivities that include metallic,
semiconducting and superconductivity [1-7]. Due to these
combinations of properties they are used as magnetic materials
[8,9], as fastion conductors [ 10—13], as thermal barrier coating
materials in gas turbines [7] and in the immobilization and
treatment of nuclear waste [14,15]. The general formula of
pyrochlore oxides is A,B,0; or A;B,040" or B,OgA,0 .
The structure is characterized by corner shared BOg octahedra
forming a B,Og network which intersects with A—O’ chains of
formula A,O’ [1]. Further, defects can occur in the A,O’
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network. The site A can be occupied by trivalent rare earth or
divalent alkaline earth or monovalent alkali ions. Tetra, penta
or hexavalent transition metal ions occupy the site B. Thus the
structure is flexible for substitution at A or B sites giving rise to
a large family of materials.

The studies on materials containing rare earth ions are
interesting. The 4f levels in rare earth ions (except Ce) are
strongly localized within the ion and does not contribute
significantly to chemical bonding although Mott-type phase
transition of Pr in metallic systems under pressure is an
exception [16,17]. The coupling of 4f states with delocalized
electrons, the number of electrons present in 4f orbitals
(the so called f count) and the possibility of hybridization
has been the subject of many investigations [18-25]. The
observation of satellite peaks for 3d core level in the XPS
spectra of some rare earth ions, their origin and variation of
their intensity with respect to main peaks has made these
rare earth materials attractive both from experimental and
theoretical points of view. The present investigation is
aimed at the preparation, characterization, XPS and
photocatalytic studies of new nano sized Sm,ZrTiO;
and Nd,ZrTiO,.
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2. Experimental

Rare earth oxide (Ln,O3, Ln=Sm and Nd) (Indian Rare
Earths Ltd., purity 99%), zirconyl nitrate (Wilson Laboratories,
Bombay), Ti (100 mesh, Aldrich 99.7%), H,O, (30%, SD Fine)
and ammonia solution (25%, AR grade, SD Fine) were used as
received.

Solution “A”. Stoichiometric amount of Ln,O3; was
dissolved in excess of concentrated nitric acid to form rare
earth nitrate. Excess nitric acid was removed by slow heating.
About 25 ml of distilled water was added. This solution
contains 11.12 mmol of Ln** ions.

Solution “B”. Calculated amount of zirconyl nitrate
was dissolved in hot water. The solution contains 5.56 mmol
of Zr** jons.

Solution “C”. Calculated amount of Ti powder was added to
a solution containing 60 ml of H,O, and 10 ml of ammonia at
0-10 °C under constant stirring. A yellow gel was obtained after
6 h. The solution contains 5.56 mmol of Ti** ions.
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Solution “A” was mixed with solution “B”. To this
resultant solution, solution “C”’ was added. Then citric acid
was added to this solution such that the molar ratio of citric
acid:metal ion is 2:1. At this stage metal citrates are believed
to be formed. The total volume of the solution was about
300 ml. The pH of the resultant metal citrate solution was
adjusted to 6-7 by adding dilute ammonia solution drop
wise. The solution was then slowly evaporated on a water
bath till a viscous liquid was obtained. At this stage ethylene
glycol (gelating reagent) was added such that the molar ratio
of citric acid to ethylene glycol was 1:1.2. This mixture was
heated on a hot plate/stirrer at 100 °C for 2-3 h with constant
stirring. The temperature was increased to 160—180 °C at the
onset of solidification. The ensuing porous solid mass was
ground in an agate mortar using spectral grade acetone and
heated to about 400 °C in small amounts in an electric burner
to remove the organic matter completely. The resultant ash
colored solid (named as ‘“‘precursor’’) was mixed with solid
NaCl in the weight ratio of 1:1 and divided into several parts.

Ln (NO3); solution
(Ln=Sm, Nd,)

Zirconyl nitrate
solution

Ti O(OH)..
xH,0O gel

A 4
I 3

Add citric acid in the mol ratio of
1:2 (citric acid: metal ions = 2:1)

Citrates of Ln, Zr and Ti

Add dilute ammonia till pH=6-7

Evaporate to get thick viscous solution

(3-4 hrs)

Add ethylene glycol in the mol ratio 1:1.2

(i.e. metal citrates: ethylene glycol = 1:1.2)

Thick viscous solution

Gel formation

A

Evaporate slowly on a hot plate
at 100 °C for 2-3 hrs

Evaporate at 160-180 °C till the

material becomes a dry porous solid

Black porous solid

Grind with spectral grade acetone
and heat at 300-400 °C

Ash colored light weight solid
(LnzZrTiO7 precursor)

Add NaCl in the 1:1 mol ratio

Heat at 500 — 900 °C/5h

LnyZrTiOg

Fig. 1. Flow chart showing the sol-gel method of preparation of Ln,ZrTiO;.
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Each part was heated in a muffle furnace at various
temperatures (500-900 °C) for 5h to obtain the desired
pyrochlore oxide (hereafter named as SZT (Sm,ZrTiO5) and
NZT (Nd,ZrTiO7)). The addition of NaCl to precursor solid
is to prevent the process of agglomeration [26]. The steps
involved in this process are shown as flow chart in Fig. 1.

The powder X-ray diffractograms were recorded on Siemens
D-5000 powder X-ray diffractometer using Cu-Ka radiation of
wavelength 1.5406 A. The step size was 0.005? and step time
was 10.3 s. Raman spectra were recorded using a 632.81 nm
line from a He—Ne laser and the scattered light was analyzed
using HORIBA JOBIN YVON HR800. The laser was focused
on a spot of ~3 wm and a 10X lens was used for the collection
of back scattered Raman signal. Transmission electron
microscopy (TEM) images were recorded on a TECNAI
FE1 FE12 transmission electron microscope and SEM-EDS
images were recorded on the HITACHI SU-1500 variable
pressure scanning electron microscope (VP-SEM). X-ray
photoelectron spectroscopic (XPS) measurements were per-
formed on a KRATOS AXIS165 X-ray photoelectron spectro-
meter. Using excitation energy of 1253.6 eV (Mg KR), the
spectra were recorded with pass energy of 80eV. The
photoreactivities of the samples were evaluated by methyl
orange decomposition under UV irradiation. The initial
concentration of methyl orange in a quartz round-bottomed
flask was fixed at 20 mg/L with catalysts loading of 1 g/L.. The
extent of methyl orange decomposition was determined by
measuring the absorbance at 465 nm on UVIKON 923 UV-Vis
spectrophotometer.

3. Results and discussion
3.1. Powder XRD

The room temperature powder X-ray diffraction patterns of
SZT and NZT prepared in the temperature range 500-900 °C are
shown in Fig. 2. These powder XRDs are similar to the powder
XRDs of La,Zr,0 and RE,Hf,0; (RE = Dy, Ho, Er, Tm, Lu and
Y) [27,28] and free from unreacted reactants or impurities. The d-
values obtained from the powder XRD patterns for samples
heated at 900 °C and the unit cell parameters of La,Zr,O; are
given as input values and least square fitted using POWD
software. Both the samples are found to be isomorphous with the
La,Zr,05 [28] and found to crystallize in cubic lattice with Fd3m
space group [29]. However, typical super lattice peaks at
260 =~ 14°, 27°, 36° and 50° normally observed for pyrochlore
lattice are absent in these two materials. It is observed that the
phase in which A,;B,0; crystallizes depends on (a) the relative
ionic size ratio of A and B cations and (b) sample processing
conditions [27,30,31]. The pyrochlore oxides were found to be
stable when the radius ratio (5/rg) of the cations lies within the
range 1.46—1.78 [32]. Mandal et al. have reported this radius ratio
as 1.2-1.6 [27]. Oxides of general formula A,B,0; crystallize in
ordered pyrochlore (cubic, Fd3m) and defect fluorite (cubic,
Fm3m) structures when the radius ratio (ra/rg) is in the lower
and upper limits of the above range respectively. Further,
Glerup et al. have noticed the certain A,B,0; type oxides also
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Fig. 2. Powder XRD of (A) SZT and (B) NZT.

adopt ‘disordered pyrochlore’ structure within the above two
limits [33]. It should be noted that the numerical value of radius
ratio ra/rg should be used only as a broad guideline in view of
some exceptions [31]. As the radius increases from the lower
limit, pyrochlore super structure peaks at 20 = 14°,27°,36°,50°,
etc. (for Cu-K,, source) correspondingto (1 11),311),(331),
(53 1) planes respectively will appear [27]. In the present
investigation the radius ratio (ra/rg) was found to be Sm/
Zr =1.50, Sm/Ti = 1.77, Nd/Zr = 1.55 and Nd/Ti = 1.83. These
values are on the higher side of the above range. Therefore, both
these samples are expected to crystallize in the ordered
pyrochlore structure. But the absence of super structure d-lines
at 260 ~ 14°, 27°, 36°, 50° in NZT and SZT suggests that these
materials may have defect fluorite or disordered pyrochlore
structure. Dickson et al. have shown that the intensity of (1 1 1)
reflection is most sensitive to the fractional coordinate, x (or x-
parameter) of 48f oxygen in A,B,0; oxides [34]. The x-
parameter is found to be in the range 0.3125-0.375 in these
oxides. The lower and upper limits of this range correspond to
‘ordered pyrochlore’ and ‘defect fluorite’ structures respectively.
It is observed that at x=0.3125, B cation adopts a
perfect octahedral coordination and A cation is at the centre
of distorted hexagonal network of six 48f oxygen with two
oxygen (8b O’) perpendicular to hexagonal plane. At x = 0.375,
BOg octahedron is highly distorted and “A” cation occupies the
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Full scale caunts: 2006 ST

Full scale counts: 1635 NZT3{1)

Fig. 3. EDS of (A) SZT and (B) NZT.

centre of regular cube [35]. The intensity of (1 1 1) reflection
decreases to zero as the x-parameter approaches the ‘defect
fluorite’ limit (i.e. 0.375) [34]. Mandal et al. [27] have reported
that Dy,Hf,O5 crystallizes in “disordered pyrochlore” structure
in spite of the absence of super structure d-lines at 20 ~ 14°,27°,
36°, 50°. These super structure lines were not observed by
laboratory X-ray diffractometer due to their low intensity. In the
present investigation, we believe that both SZT and NZT have
crystallized in “disordered pyrochlore” structure in spite of the
absence of super structure d-lines. The crystallite size of the SZT
and NZT powders was calculated from the broadening in their
respective XRD peaks using the Scherer formula [36].

09
" Bcos6

where “#” is the thickness in Angstroms (A) and corresponds to
the diameter of particles assuming spherical shape, “A” is the
wavelength of the X-rays used, “0” is the Bragg angle, and “B”
is the full width at half maximum measured in radians of the most
intense line in the X-ray diffractogram. The crystallite size of
both the samples prepared at 500 °C was found to be ~20 nm
while it increased to ~40 nm for samples prepared at 900 °C. Itis
generally observed that for samples prepared by gel burning
method, the crystallite size increases with increase in the tem-
perature of sintering due to enhanced nucleation and growth.

3.2. EDS analysis

The energy dispersive spectra (EDS) of samples prepared at
900 °C are shown in Fig. 3. The area ratio of Ln, Zr and Ti was
found to be close to 2:1:1 confirming the molecular formula as
Ln,ZrTiO;.

3.3. Raman spectra

It is well known that Raman spectroscopic investigation
gives unequivocal information to identify the structure of
A,B,0; materials [33]. Therefore, the Raman spectra of both
SZT and NZT are recorded. The Raman spectra of A,B,07 give
characteristic bands depending on the structure adopted by

these oxides. According to factor group analysis, A,B,07 gives
six Raman active modes of vibrations if it adopts ordered
pyrochlore structure viz.,

I'= Alg + Eg =+ 4F2g (1)

On the other hand, A,B,0; oxides with fluorite structure give
only one Raman active mode viz.,

I' =Fy 2)

The Raman spectra of SZT and NZT are shown in Fig. 4. The
assignment of Raman peaks to different modes of vibrations
(Eq. (1)) is difficult in the absence of polarized Raman spectra.
The similarity of Raman spectra observed in the present
investigation with those reported suggests that these materials
have crystallized in “pyrochlore” structure. The assignment of
Raman peaks in the present investigation is made by comparing
the Raman bands in different similar systems where valence
force field calculations were carried out to interpret the results
[33,37,38]. The most intense peak observed at 313 cm™! was
assigned to E, while less intense peaks at 216 (275), 446 (424)
and 609 (565) (the peak positions given in the parentheses
correspond to NZT) were assigned to three of the four F,,

313

Intensity (Arb.Units)

T . . T . T T
200 400 600 800 1000

Raman shift (cm™)

Fig. 4. Raman spectra of (A) SZT and (B) NZT.
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Table 1
Raman peak positions and their assignments of Ln,ZrTiO; along with the peak positions of related systems.
Gd,Ti,O7 [39] Gd,ZrTiO; [39] Sm,ZrTiO; (this work) Nd,ZrTiO; (this work) Assignment
519 522 516 515 Ay,
312 307 313 313 E,
219 220 216 275 Foe
455 - 446 424 Fo
549 572 609 565 Fs,
- - 731 783 Overtone

modes. The band at 516 (515) was assigned to A;, mode. The
band observed at 731 (783) cm™' may be assigned to an
overtone as reported earlier [39]. In the case of NZT the peaks
at 275 and 313 are fitted to two Lorentzian. Table 1 gives the
Raman peak positions and their assignments of SZT and NZT
along with the peak positions of related systems [40]. The line
widths of intense peak (Ey) for SZT and NZT were found to be
~40 and ~50 cm ' respectively. The magnitude of these line
widths is higher than the line width found for ordered pyro-
chlore structure. It is noticed that broad Raman lines arise due
to inherent cation disorder in the structure and/or small particle
size. In the present investigation, the relatively broad line width
in the Raman spectra is attributed to both cation disorder and
small particle size. The particle size of samples prepared at
900 °C was ~40 nm (estimated from line width of powder XRD
patterns using Scherrer’s formula) for both SZT and NZT
samples are in accordance with this view.

3.4. TEM and SEM

The structural and morphological characterization of SZT
and NZT was carried out by TEM measurements. Figs. 5 and 6
show the TEM and selected area diffraction images of SZT and
NZT (prepared at 600 °C/5 h) respectively. It is observed that
both the samples have substantial agglomeration. The SAED
image confirms the phase formation and absence of impurities.
The morphology of SZT was found to be near spherical while
the NZT particles were composed of spheres and platelet like
objects. The average size of the particles measured from TEM
figures was found to be 13 and 21 nm for SZT and NZT
respectively prepared at 600 °C. These values are close to the
values obtained from Scherrer’s formula. The low magnifica-
tion SEM images of SZT and NZT are shown in Fig. 7. The
surface morphology of these samples is characterized by
densely packed particles.

Fig. 6. (A) TEM and (B) selected area diffraction of NZT prepared at 600 °C/5 h.
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Fig. 7. SEM images of (A) SZT and (B) NZT.
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Fig. 8. Absorbance of methyl orange with time (A) without catalyst, (B) with SZT and (C) NZT.

3.5. Photocatalytic activity

Pyrochlore type of oxides exhibits the property of
photoactivity. It is strongly influenced by the surface
structure and nature of the material. High dispersibilty and
large surface area of the materials are critically important to
its catalytic behavior. The photocatalytic decomposition of
methyl orange in the presence and absence of SZT and NZT
is studied. Fig. 8 shows the absorbance of methyl orange in
the presence and absence of Ln,ZrTiO; as a function of time.
It is noted that the concentration of methyl orange decreases
with time in the presence of both the catalysts. The amount
of methyl orange decomposed in the presence of these oxides
was found to be <10% which is much lower compared to the
photoactivity of La,Zr,0; and Nd,Zr,O [41]. This may be
due to nature of the materials and/or lower surface area due
to agglomeration.

3.6. XPS studies

The XPS spectra of NZT and SZT are shown in Figs. 9 and
10 respectively. The spectra exhibit characteristic peaks due to
Ln, Zr, Ti and O along with C 1s peak. The C 1s peak appears
due to the contamination of organic compounds as the materials
under investigation were prepared from ethylene glycol matrix.
Fig. 10 shows the surface high resolution XPS spectrum of
NZT. The XPS of NZT is characterized by Ndsq, Zr34, Ti,, and

Intensity (CPS)

Intensity (CPS)

x10*

56 4

48

404

324

24 ]

(A)

12.00 lOIOO 860 660 400
Binding Energy (eV)

x10°

200 0

60

404

204

Nd 3d

sat.peak

3dsp

T T T 1
1016 1008 1000 992
Binding Energy (eV)

Fig. 9. XPS spectra of NZT.
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Table 2
The binding energy (E in eV) of element in the Ln,ZrTiO;.

1353

Element E dsp Sat. peak E d3p»

Sat. peak

2p3p 2p12 Rep. value Reference

Nd 1003.8 980.4
Sm 1084.3 - 11115
Zr 182.3 - 184.8

Ti - - -

1007.9

984.5

980.4
1083.5
186.9
457.7

[25]
[45]
[42]
[42]

458.5 463.7

x10°

200+ (A)

1604

1204

Intensity (CPS)
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40

T T ™ T
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Binding Energy (eV)
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x10°

100

Sm 3d

80+

60+

Intensity (CPS)

40-
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- ad
1112 1104 1088 1080 1072

Fig. 10. XPS spectra of SZT.

O, profiles. The Ti,, Gauss-fitted profile gave 2ps,, and 2p;,»
levels at 458.55 and 463.72 eV respectively resulting a spin—
orbit coupling (A) of 5.17 eV which is comparable to that
observed in related systems [42]. Similarly, the 3ds/, and 3d;/,
of Zr were observed at 182.3 and 184.8 eV respectively and
spin—orbit coupling (A) was found to be 2.5 eV. The Ndiq
profile shows interesting features. The Ndsq4 profiles are Gauss
fitted to locate the positions of main and satellite peaks. The
asymmetric 3ds,, and 3d;z,, profiles with shoulders are Gauss
fitted to locate the satellite peaks from the 3d main peaks. The
satellite peaks on the low binding energy side of 3ds/, and 3d5,,
peaks were separated by 4.12 and 4.10 eV respectively. The
intensity of satellite peaks was less than that of 3d main peaks.
Such broad peaks with large FWHM were attributed to

(a) a combination of life time effects and the exchange
interaction between the 3d hole and partially filled 4f shell
of Ln*" ion [16,43] or

(b) oxidized nature of rare earth atoms [44].

According to process (a), the less intense satellites and more
intense main 3d peaks are attributed to “well screened” 3d9,
4" U and “poorly screened” 3d°, ..., Af configurations
respectively. Hillerbrecht and Fuggle have interpreted the
observation of satellite peaks in the XPS spectra of lanthanide
compounds due to ‘degree of mixing’ (or hybridization) of 4f
levels with extended conduction band states [16] in LnPd;
(Ln =La, Ce, Pr, Nd, and Sm). It is noticed that the satellite
peaks are well separated from main 3d peaks in the case of
LaPd; while in SmPdj; significant satellite peaks were not
observed [16]. Based on the XPS spectra of these compounds,
they have concluded that the degree of mixing decreases in the
order La > Ce > Pr > Nd > Sm. The degree of mixing is
dependent on the radial extension of 4f levels and the energy
separation of dominant f" and f* * ' multiplets. It was estimated
that the energy difference between f" and f* * ! states was found
to increase from La (minimum) to Sm (maximum) [16].
According to process (b), the line shape of core-level lines is
very sensitive to chemical environment/oxidation state of the
core ionized atom [44]. For instance the Ce 3ds, profile in
elemental Ce is characterized an intense “‘poorly screened”
peak with negligible intensity of ““well screened”” peak while in
CePd; and CeNi, the intensity of “well screened” peak is
substantial [44] due to change in the chemical environment. All
the pertinent values are given in Table 2 along with values
observed in other systems.

In the present investigation the observation of satellite peaks
in Nd is attributed to predominant mixing of 4f levels (process
(a)) with other valence levels compared to SZT as the chemical
environment/oxidation state in both the compounds is similar.

4. Conclusions

Nano sized SZT and NZT were prepared by sol-gel method.
The powder XRD patterns of these materials are similar to
those of RE,Hf,0,. They were found to crystallize in cubic
lattice with space group Fd3m. The Raman spectra of these
compounds gave characteristic bands corresponding to “‘dis-
ordered pyrochlore” structure. The morphology of SZT was
found to be spherical while NZT particles were composed of
spheres and platelet like objects. The photocatalytic activity of
these samples was measured by the photodecomposition of
methyl orange. The photoactivity was found to be less
compared to that of similar systems La,Zr,O; and Nd,Zr,0O,
which may be due to the nature of the materials and/or less
surface area due to agglomeration. The XPS spectra of NZT
gave satellite peaks for Ndsq4 levels while in SZT significant
satellite peaks for Sm34 were not observed. This is attributed to
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the degree of mixing of 4f levels in the former and insignificant
mixing of these levels in the later.
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