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a b s t r a c t

Iron substituted lanthanum titanates with nominal composition La2Ti2(1−x)Fe2xO7−ı (0.0 ≤ x ≤ 1.0) sam-
ples, were synthesized by gel combustion and conventional solid state reaction. The samples have been
characterized by XRD, N2-BET, SEM, FTIR, Mössbauer spectroscopy and TPR. Catalytic activity of these
samples was evaluated for a decomposition reaction of N2O using CO. Transition from La2Ti2O7 (layered
perovskite, A2B2O7) to single phase, LaFeO3 (perovskite, ABO3) was observed for the samples having
≥40–60% Fe content. The microstructural analysis by SEM revealed homogeneous elongated shaped rods
on single phased LTOGC surface, attributed to the layered perovskite whereas spherical grains are due to
el combustion
PR
össbauer spectroscopy

O + N2O

single perovskite (ABO3) phase present in LF(0.4)GC samples. Mixed phased samples showed both elon-
gated and spherical shape particles as observed in the SEM images. Among all samples, LF(0.6)GC have
shown maximum activity of 100% conversion at 395 ◦C for decomposition of N2O using CO and at 325 ◦C
for CO oxidation. The substitution-induced anionic vacancies and asymmetric environment around Fe
as suggested by Mössbauer results in partially substituted, LF(0.4)GC/SS and LF(0.6)GC/SS are responsi-
ble for considerable lowering in Tmax observed in their TPR profiles and enhanced activity for CO + N2O

ristin
reaction as compared to p

. Introduction

Titanates with nominal oxygen overstoichiometry are espe-
ially interesting due to their very high electronic conductivity
nd stability under reducing conditions. Oxides belonging to the
a1−xSrxTiO3+ı system have been studied previously as anode mate-
ial in SOFCs showing good performance comparable to those of the
tate of art materials [1,2]. The Ln2Ti2O7 [3] is known to be effec-
ive ferromagnetic material where, Ln = La or Nd and is an ionic
onductor when Ln = Y. Preliminary studies by Happel et al. [4]
eported that LaTiO3 is an active catalyst for the reduction of sul-
ur dioxide to elemental sulfur by means of carbon monoxide with

inimum formation of COS. This makes it a strong candidate for a

ariety of applications in electrical, optical devices and as catalysts
or different reactions.

La2Ti2O7 type compounds are able to accommodate the extra
xygen beyond the parental perovskite in short-range crystallo-
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graphic shears randomly distributed in the lattice which seems to
affect their properties greatly [1]. La2Ti2O7 (A2B2O7), perovskite
of layered structures built from (1 1 0) perovskite slabs differing in
thickness and bounded by crystallographic shears in the perovskite
[1 0 0] direction. Adjacent slabs are offset from one another by half
of one TiO6 octahedron height and the octahedron connectivity is
broken at the shear interface. In reacting mixtures of La2O3 and
TiO2 a range of compounds is possible. In an unreduced system
La2O3·TiO2, La2O3·2TiO2 and 2La2O3·9TiO2 have been identified by
MacChesney and Sauer [5]. A mixture containing a ratio of La:Ti
slightly lower than unity, if undergoes complete reduction then
the La2O3·2TiO2 crystallizes in the perovskite LaTiO3 phase. Thus,
lanthanum titanate comes close to meeting the requirements for
the ideal cubic perovskite structure either by reducing titanium to
+3 states or by creating A-site vacancies. Much of previous works
lacks detailed structural characterization, and treated these as sim-
ple cubic perovskite in spite of presence of extra oxygen in these
compounds. Both A and B sites in A2B2O7 can be substituted by
diverse component ions to form stable solid solutions. The forma-

tions of stable solid solutions via partial substitutions of Ti sites by
Cr3+, Fe3+ (up to 10%) and Pr3+, Nd3+ at A sites in La2Ti2O7 have
already been reported [1,6,7] for photocatalytic reactions. How-
ever, reports where thermal reactions are studied using lanthanum
titanate as catalyst are very scanty. For proper understanding of the

dx.doi.org/10.1016/j.molcata.2010.11.028
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
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La(NO3)3.6H2O TiOCl2

Fe2(NO3)3 Citric Acid

(Fuel)

Stoichiometric amount of 

reactants were mixed along with 

citric acid (Oxidant to fuel 

ratio=1:1.66)

Constant stirring at ~ 200°C upto 

gel formation. Heating continued 

till black powder is formed.

Calcination at higher temperature

(800°C, 36 hrs).

La2Ti2(1-x)Fe2xO7-δ (0.0≤x≤1.0, 

typically 
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emperature dependent catalytic properties of an oxide, it is impor-
ant to have insight about its bulk properties that enables an oxide
o qualify as a catalyst.

To develop catalytic materials that could convert N2O, a
reen house gas [8] into environmentally friendly nitrogen using
nother exhaust gas CO, metal cation substituted samples based
n lanthanum titanate, La2Ti2O7 were prepared and their surface
roperties, bulk characterizations and catalytic activities as a func-
ion of x and synthetic route were studied. In situ FTIR studies on
hese oxides for CO and N2O adsorptions to enunciate the role of
arbonate formation in the mechanism of N2O + CO reactions are
iscussed in subsequent communications [9]. Kapteijn et al. [10]
eviewed extensively a variety of catalysts, such as metal oxides,
ixed metal oxides for N2O decomposition. Transition metals and

heir oxides, in forms of either simple or complex oxides, have also
een investigated thoroughly [11,12]. Many investigations [13–17]
ave been made on modification of physico-chemical properties,
o as to augment the activity, selectivity and the thermal stabil-
ty of a particular oxide/mixed oxide catalyst. Recently we have
tudied the effect of B-site substitution on thermal–physical bulk
roperties and reduction behavior of In2TiO5 viz.; In2Ti1−xFexO5−ı,

n2Ti1−xCrxO5−ı (0.0 ≤ x ≤ 0.02) mixed oxides catalysts [18]. Ear-
ier we have reported the role of A/B site substitution on oxide
educibility, oxygen diffusivity, etc., and correlated with the cat-
lytic activities of Th(VO3)4 and LaMnO3 oxides as a function of
ultiple cationic substitutions, for both CO oxidation and methanol

egradation [19–23].
To rule out surface area affect and investigate the role of

odified bulk properties alone on activity of lanthanum titanate
a2Ti2O7, as a result of Fe3+substitution, La2Ti2(1−x)Fe2xO7−ı sam-
les were synthesized by conventional ceramic route. Secondly
urface area was increased by preparing nanosized crystalline
owders using gel combustion route. In the present report,
a2Ti2(1−x)Fe2xO7−ı samples were synthesized by solid state and
el combustion routes. Variations in structure and powder prop-
rties as a function of synthetic route and metal ion substitution
ere monitored using XRD, FTIR N2-BET and SEM. Mössbauer stud-

es helped in determining the coordinative atmosphere around Fe
n substituted samples. The effect of Fe-doping on redox behavior
f La2Ti2(1−x)Fe2xO7−ı was monitored by temperature programmed
eduction (TPR) profiles. The catalytic properties of nominal com-
ositions La2Ti2(1−x)Fe2xO7−ı were evaluated for CO + N2O reaction.
he catalytic activity is evaluated as a function of temperature,
ime and correlated with the extent of substitution. Finally, cor-
elations between modified bulk/surface properties – enhanced
atalytic activity of La2Ti2(1−x)Fe2xO7−ı samples were established
onsidering the role of Fe substitution in lanthanum titanates.

. Experimental

.1. Preparation

Nominal compositions La2Ti2(1−x)Fe2xO7−ı samples
0.0 ≤ x ≤ 1.0), with typical values of 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0
ere synthesized by two routes viz. gel combustion and solid state

outes. Flow chart of step by step synthesis of La2Ti2(1−x)Fe2xO7−ı

amples by gel combustion method using citric acid is shown in
cheme 1. The most widely used method for the preparations
f polycrystalline mixed metal oxides is the solid state reaction,
here stoichiometric quantities of respective oxides, La2O3, TiO2
nd Fe2O3 were mixed and ground thoroughly for at least half an
our each. The pellets were heated first at a lower temperature
f 700 ◦C for a time period of ∼90 h, followed by calcinations at
00 ◦C for 40 h and 1200 ◦C for 63 h with intermittent grindings.
inal heating was carried out at a higher temperature of 1400 ◦C
x=0.0,0.1,0.2,0.4,0.6,0.8,1.0)

Scheme 1. Flow chart of the gel combustion synthesis.

for 48 h in order to improve the crystallinity of the products
obtained.

2.2. Characterization

The powder XRD patterns were recorded on a Philips
diffractometer (model PW 1710), equipped with a graphite
monochromator and Ni-filtered Cu K� radiation. The crystallite
size, D, was calculated from XRD line width according to the Scher-
rer equation,

�(2�) = K�

ˇ(cos �)

where �(2�) is the width at half-maximum intensity (in radians)
and � is the Bragg angle of the (2 0 3) plane in the diffraction pattern
of the peak, K is a constant, depending on the line shape profile
(currently K = 0.9), � is the wavelength of the X-ray source (in the
case of Cu radiation, � = 0.154059 nm) and ˇ is the crystallite size
in nm [19].

A Quantachrome Autosorb-1 analyzer was employed for mea-
surement of N2-BET surface area by recording the nitrogen
adsorption isotherms. The pore size distribution and pore volume
were calculated from the desorption branch using the BJH method.

The FTIR spectra of the solid samples were recorded in KBr using
a JASCO FTIR (model 610) in the mid IR region (4000–400 cm−1)
equipped with a DTGS detector having a resolution of 4 cm−1. For
this purpose about 200 mg of dry KBr was mixed with 2–4% of
the sample ground and pressed into a transparent, thin pellet at
5 tons/cm2. These pellets were used for IR spectral measurements.

For microstructural examination under a scanning electron

microscope (SEM) a thin layer of gold (100 Å) was coated on the
sample pellets by thermal evaporation in a vacuum coating unit.
A measured quantity of gold wire (99.99% pure) was wrapped on
a tungsten wire which in turn was heated to evaporate the gold
wire. The images of gold coated samples were recorded on scan-
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Table 1
Identification of phase in nominal compositions La2Ti2(1−x)Fe2xO7−ı and their abbreviations.

S. no. Nominal composition Fe content (x) Abbreviation LM(x)R (M = Ti/Fe,
x = 0.1–1.0, R = SS/GC)

Synthesis route Phase identification by XRD

1 La2Ti2O7 0.0 LTOSS SS Single phase, La2Ti2O7

2 La2Ti1.8Fe0.2O7−ı 0.1 LF(0.1)SS SS Single phase, La2Ti2O7

3 La2Ti1.6Fe0.4O7−ı 0.2 LF(0.2)SS SS La2Ti2O7 and LaFeO3

4 La2Ti1.2Fe0.8O7−ı 0.4 LF(0.4)SS SS La2Ti2O7 and LaFeO3

5 La2Ti0.8Fe1.2O7−ı 0.6 LF(0.6)SS SS LaFeO3

6 La2Ti0.4Fe1.6O7−ı 0.8 LF(0.8)SS SS Single phase LaFeO3

7 LaFeO3 1.0 LFOSS SS Single phase LaFeO3

8 La2Ti2O7 0.0 LTOGC GC Single phase, La2Ti2O7

9 La2Ti1.8Fe0.2O7−ı 0.1 LF(0.1)GC GC La2Ti2O7 and LaFeO3

10 La2Ti1.6Fe0.4O7−ı 0.2 LF(0.2)GC GC La2Ti2O7 and LaFeO3

11 La2Ti1.2Fe0.8O7−ı 0.4 LF(0.4)GC GC Single phase LaFeO3

12 La2Ti0.8Fe1.2O7−ı 0.6 LF(0.6)GC GC Single phase LaFeO3
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13 La2Ti0.4Fe1.6O7−ı 0.8 LF(0.8)GC
14 LaFeO3 1.0 LFOGC

ing electron microscope Model Tescan Vega MV 2300T/40 using
n accelerating voltage of 25 kV at the working distance ∼10 mm.

Mössbauer spectra have been obtained using a spectrometer
perated in constant acceleration mode in transmission geometry.
he source employed is Co-57 in Rh matrix of strength 50 mCi. The
alibration of the velocity scale is done using a �-Fe metal foil, and
össbauer parameters are presented relative to �-Fe metal foil.

he outer line width of calibration spectra was 0.29 mm s−1. Möss-
auer spectra were fitted by a least square fit (MOSFIT) programme
ssuming Lorentzian line shapes.

Temperature programmed reduction/oxidation (TPR/O) run was
ecorded on a TPDRO-1100 analyzer (Thermo Quest, Italy) under
he flow of (H2 (5%) + Ar) alternatively O2 (5%) + He at a gas flow
ate of 20 ml min−1, in temperature range 25–1100 ◦C, at a heating
ate of 6 ◦C min−1. H2O produced was removed from the evolved
ases through a trap attached prior to TCD detector.

.3. Catalytic activity

A fixed-bed continuous-flow tubular reactor made of quartz was
mployed for the measurement of catalytic activity of different
amples for CO oxidation and N2O + CO reaction. For activity eval-
ation, 0.1 g of each sample was placed between two quartz wool
lugs (bed length ∼1 mm), the reactant (CO:O2:He = 2:1:17 for CO
xidation and CO:N2O:He = 2:2:16 for CO + N2O reaction) flow rate
eing at 40 ml min−1. Volume reduction glass rods were inserted
n both sides of the quartz wool plugs. Effluents were sampled and
nalyzed on a gas chromatograph (Porapak-Q column and ther-
al conductivity detector). The temperature dependent catalytic

ctivity of all La2Ti2(1−x)Fe2xO7−ı samples was evaluated under con-
inuous flow of reactant mixtures in range of 50–600 ◦C, by holding
h at each temperature. Each sample was initially pretreated at
50 ◦C for 2 h under N2 flow prior to activity measurements. The
atalytic conversions were calculated on the basis of product yield
O2 for 0.1 g of each sample. The void volume fraction estimated for
TOGC and LF(0.4)GC were found to be 0.80, and 0.89, respectively.

. Results and discussion

.1. Phase characterization by XRD

Table 1 lists the abbreviations and phases identified from

RD patterns of all the nominal compositions La2Ti2(1−x)Fe2xO7−ı

0.0 ≤ x ≤ 1.0) prepared by two different routes viz. solid state and
el combustion. Henceforth in the present communication, all the
amples will be referred by their abbreviation as mentioned in
able 1. The crystal growth of the lanthanum titanate, layered per-
GC Single phase LaFeO3

GC Single phase LaFeO3

ovskite, La2Ti2O7 phase as a function of calcination temperature
was monitored by recording XRD diffraction pattern after calci-
nations at different temperatures. As the calcination temperature
increased to 1200 ◦C the intensity of the unreacted phases due
to TiO2 and La(OH)3 decreased, and the counts due to La2Ti2O7
phase increased. The extra lines which were seen in XRD pat-
tern of La2Ti2O7 calcined at 900 ◦C appeared at 2� = 25.2◦, 28.2◦,
29.2◦, and 39.6◦. These extra lines are attributed to the pres-
ence of free reactants in the sample corresponding to La(OH)3
(JC-PDS card no. 36-1481) and TiO2 (Brookite, JC-PDS card no. 29-
1360). Also shift in d value by 0.055 in most intense reflection
from h k l of 2 1 2 planes at d value of 2.995 of parent phase is
observed. These observations suggested that the solid state reac-
tion is incomplete even at 1200 ◦C. For completion of diffusion
controlled solid state reaction, all samples were further calcined
at higher temperatures. The solid state reaction of La2O3 + TiO2,
and henceforth single phase synthesis of lanthanum titanate was
observed at 1400 ◦C which crystallized in A111

2BIV
2O7 lattice type

having layered perovskite structure. The XRD patterns of samples
(0.0 ≤ x ≤ 1.0) synthesized by solid state reaction calcined at 1400 ◦C
are shown in Fig. 1(a–g). For modifying the powder/morphological
properties of crystalline La2Ti2(1−x)Fe2xO7−ı samples, an alterna-
tive preparation route, gel combustion using citric acid as fuel was
adopted. For comparison, the XRD patterns of corresponding sam-
ples synthesized by gel combustion are shown in Fig. 1(h–n). The
XRD pattern of sample with x = 0.0 as shown in curve a of Fig. 1
matches with monoclinic La2Ti2O7 (JC-PDS card no. 28-0517) hav-
ing cell parameters as a = 13.015 Å, b = 5.5456 Å and c = 7.817 Å, z = 4,
cell volume = 557.8 Å3. However by gel combustion route the sin-
gle La2Ti2O7 phase was obtained when calcined at 800 ◦C as shown
in curve h in contrast to 1400 ◦C (Fig. 1a) by solid state route. The
crystal structure was also highly dependent on the doping content
of Fe. As expected the substitution of lower valent Fe3+ in place of
Ti4+ will decrease the extra oxygen in the La2Ti2O7 phase. This is
reflected in the change of layered perovskite to perovskite phase
for the solid state samples having Fe more than 60% substitution.
The samples having x ≥ 0.6 (Fig. 1e–g) crystallizes in rhombohedral
LaFeO3 phase having unit cell parameters a = 5.566 Å, b = 7.854 Å,
and c = 5.56 Å, Vol. = 242.81 Å3 (JC-PDS card no. 37-1493). The crys-
tallization of LaFeO3 phase was induced even by meagre amounts
of Fe doping as suggested by the presence of weak XRD line at
2� = 32.19◦ marked as * in LF(0.1)SS/GC sample as shown by curve

b of Fig. 1. The intensity of this line increased with increase in Fe
content as seen in curves b–g and i–n in Fig. 1. At the same time
the intensity of reflection due to 2 1 2 plane (100% line marked
as #) in pyrochlore phase was found to diminish with increase
in Fe content. As seen in curve d of Fig. 1 the intensity of XRD
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ig. 1. XRD patterns of nominal compositions La2Ti2(1−x)Fe2xO7−ı synthesized by s
TO (a, h), LF(0.1) (b, i), LF(0.2) (c, j), LF(0.4) (d, k), LF(0.6) (e, l), LF(0.8) (f, m), LFO
orresponds to La2Ti2O7 phase.

ine due to parent phase was drastically reduced to ∼30.4% from
00% in LF(0.4)SS was absent in LF(0.8)SS and LFOSS (Fig. 1f and
). Thus Fe doping by solid state reaction stabilized the lanthanum
itanate in perovskite lattice above 60% of substitution by lowering
own the excess oxygen of the system. The single phased compo-
itions in La2Ti2(1−x)Fe2xO7−ı (A2B2O7) where x ≥ 0.6 may be better
epresented as 2LaTi1−xFexO3+ı (ABO3) perovskites. For instance,
a2Ti0.8Fe1.2O7−ı, can be represented by 2La(Ti0.4Fe0.6)O3+ı, oxide.
he XRD patterns of samples synthesized by gel combustion route
lso revealed nearly same crystal structures as by ceramic route

ith some differences. Firstly, the XRD lines in curves i–k are very

road suggesting decrease in crystallite size of samples synthesized
y gel combustion route (Table 1). Homogeneous mixture of reac-
ants in gel combustion helped in achieving single phase, LF(0.4)GC
ample whereas that synthesized by solid state route is biphasic
ate (SS) reaction (a–g) and gel combustion (GC) route (h–n) for different samples,
. *XRD peak at 2� = 32.17 attributed to perovskite LaFeO3; #XRD peak at 2� = 29.8

with a mix of both the extreme phases. Also the unsubstituted LTO
single phase was obtained at much lower temperature (800 ◦C) as
compared to solid state reaction (1400 ◦C).

3.2. Crystallite size, surface area and pore size distribution

The increasing order of crystallite size as was calcu-
lated using Scherrer’s equation observed from Table 2 is
LF(0.4) ≈ LF(0.2) < LF(0.6) ≈ LF(0.8) < LTO < LFO. The cationic substi-
tution of Fe3+ in La2Ti2O7 lattice was accompanied with drastic

decrease in crystallite size and formation of pores. Nanosized pow-
ders have been obtained by gel combustion route as compared to
bulk oxides synthesized by solid state reaction (Table 2). For exam-
ple LF(0.4)GC has a crystallite size of 14–17 nm as compared to
38–40 nm size of its solid state analogue LF(0.4)SS. It is interest-
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Table 2
Crystallite size and N2-BET surface area of nominal compositions La2Ti2(1−x)Fe2xO7−ı as calculated from XRD line width using Scherrer’s equation.

S. no. Value of x Sample Crystallite size (nm) Surface area (m2 g−1) Pore size (Å)

Gel combustion Solid state calcined at 1400 ◦C Gel combustion

1 0.0 LTO 60–62 82–84 12 ∼400
2 0.2 LF(0.2) 14–16 51–53 14 ∼300

38–
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3 0.4 LF(0.4) 15–17
4 0.6 LF(0.6) 40–42
5 0.8 LF(0.8) 44–46
6 1.0 LFO 77–80

ng to note that both the solid state reaction and citrate complex
ecomposition route has led to same trend in crystallite size and
urface area. The surface area of LF(0.4)GC and LF(0.6)GC calcined at
00 ◦C was found to be 68 and 47 m2 g−1, respectively, considerably
igher than unsubstituted LTOGC as well as LFOGC samples, with
2 and 7 m2 g−1, respectively. Enhanced surface area of LF(0.6)GC
47 m2 g−1) sample as compared to LF(0.2)GC of 14 m2 g−1 is not in
greement with the trend followed by their crystallite size (Table 2).
his anomaly in trends can be explained from their pore size dis-
ribution curves (Fig. 2) where LF(0.6)GC sample have maximum
ores of radii ∼20–30 Å exists, whereas larger pores with radii
200 Å are observed in LF(0.2)GC sample. Citrate nitrate gel com-
ustion method has previously yielded porous powders with high
urface areas [24,25]. However, further addition of Fe3+ in Ti4+

ite has resulted in increase in the particle size as can be seen in
able 2 for LF(0.8)GC and LFOGC samples which are having crys-
allite size of the order of 40–42 and 77–80 nm, respectively. This,
uggest that the substitution-induced microstructural defects and

onstoichiometry created on lattice reorganization during synthe-
is also play a role in deciding the morphology of the sample.
his result is well in agreement with our earlier studies, where
e substitution at B-site cation in La0.8Sr0.2MnO3−ı lattice (LSM)
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[22] and in In2TiO5 [18] has played a significant role to decrease
the crystallite size of La0.8Sr0.2Mn1−xFexO3−ı (LSMF) and indium
titanate samples, respectively. Similar results have been obtained
by other researchers, for instance, Taguchi et al. [26] have demon-
strated that the crystallite size decreased with increasing x in the
perovskite-type (La1−xCax)FeO3 samples and such samples with
smaller particle size exhibited a higher catalytic activity.

3.3. Scanning electron microscopy

Fig. 3a–c shows the microstructures of the LTOGC, LF(0.2)GC,
LF(0.4)GC pellets synthesized by gel combustion method. The
micrograph of LTOGC (Fig. 3a) reveals the presence of elongated
rod like structures. While, 40–60% Fe substitution resulted in more
or less spherical shaped geometry as observed in the SEM micro-
graph of LF(0.4)GC (Fig. 3c). The inhibition of grain size observed
as a result of Fe substitution may be due to the creation of defects
in the doped samples. The LTOGC and LF(0.4)GC crystallizes in lay-
ered perovskite structure and latter sample is ideal perovskite as
confirmed by their XRD patterns. The rod like structures forming
layers can be attributed to the layered perovskite, La2Ti2O7 phase
present on the surface of LTOGC sample (Fig. 3a) whereas spheri-
cal grains are due to perovskite, ABO3 arrangement of cations and
anions in LF(0.4)GC (Fig. 3c). The mixed phases are observed in case
of LF(0.2)GC as observed in its SEM image (Fig. 3b) where both rod
like and spherical grains are present. The crystallite sizes reported
in Table 2 are calculated from the FWHM of the 100% peak in the
XRD pattern of the sample which gives us the average crystallite
size using Scherrer’s equation. While in SEM, we have reported the
microstructure of the sample pellets revealing their grain size. So
it is the grain size which is reflected in the SEM.

3.4. FTIR

Infrared spectroscopy can be used to monitor chemical and
structural changes in the mixed metal oxides. The FTIR spectra of all
the prepared solid state oxides in KBr are shown in Fig. 4. Table 3
shows the characteristic IR bands (cm−1) and their assignments
observed in FTIR spectra recorded for various samples. A prominent
absorption band at 552 cm−1, a broad band at 618 cm−1, several
weak bands between 400 and 500 cm−1 in addition to three bands
above 700 cm−1 are observed in the FTIR spectrum (Fig. 4a) of pris-
tine lanthanum titanate, LTOSS. The vibration bands for absorption
bands of TiO6 octahedra are generally lower than 700 cm−1. The
bands below 405 cm−1 are assigned to Ti–O bending vibration and
those above 405 cm−1 are attributed to Ti–O stretching vibration
[27–29]. On the other hand, rare earth oxygen stretching modes
generally lie in the region of 300–500 cm−1. Thus, the bands in
the 400–500 cm−1 region in LTOSS can be attributed to complex

motions involving the participation of both La and Ti cations [30].
The strong peak at 550 cm−1 can be assigned to Ti–O vibration in
TiO6 octahedra present in the structure. There are two additional
bands at 750 cm−1 and 805 cm−1 which are of higher frequencies
generally observed in M2TiO5 compounds at about 775 cm−1 due
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Fig. 3. Scanning electron micrographs of (A) LTOGC, (B) LF(0.2)GC and (C) LF(0.4)GC
samples.

Table 3
Position and assignments of the observed vibrational bands for nominal compositions La

S. no. x Sample Vibrations (cm−1) and their assignmen

Complex vibrations involving both
La and Ti/ıFeOFe [29]

1 0.0 LTOSS 417 464 490
2 0.1 LF(0.1)SS 415 464 490
3 0.2 LF(0.2)SS 416 458 475
4 0.4 LF(0.4)SS 416 456
5 0.6 LF(0.6)SS 416 450w
6 0.8 LF(0.8)SS 417
7 1.0 LFOSS 415 [32] 450w 474
Fig. 4. FTIR spectra of nominal compositions La2Ti2(1−x)Fe2xO7−ı as a function of Fe
content. (a) LTO, (b) LF(0.1)SS, (c) LF(0.2)SS, (d) LF(0.4)SS, (e) LF(0.6)SS, (f) LF(0.8)SS,
and (g) LFOSS.

to one short Ti–O bond in TiO5 groups present in such compounds
[31] and also in tetrahedrally coordinated TiO4 units, as smaller the
coordination number, the shorter the bond length and higher the
vibrational frequencies [32]. No such possibilities arise in LTOSS
as the lattice consists of slabs of corner sharing TiO6 octahedra.
Therefore, vibrational bands observed at higher wave numbers in
LTOSS can be assigned to Ti–O stretching where the oxygen ion
is shared between two octahedrally coordinated titanium ion and
two nine-fold coordinated lanthanum ion.

As we substitute Fe at Ti site in LTOSS the higher vibrational
bands (>700 cm−1) gradually weakens (Fig. 4b–g) and ultimately
disappears in LF(0.8)SS which further confirms the XRD observa-
tions corresponding to the transformation from layered perovskite
to perovskite lattice. Besides, due to the combined effect of Ti–O
stretching and Fe–O stretching the band at ∼550 cm−1 broadens
with increase in Fe content (Fig. 4b–g). The peak at ∼ 416 cm−1

sharpens with increase in Fe substitution because of the pres-
ence of O–Fe–O deformation vibration as observed in curves b–g
of Fig. 4. The other extreme LFOSS (Fig. 4g) shows two bands, one
at 415 cm−1 which can be attributed to Fe–O–Fe deformation vibra-
tion and another very prominent and broad band at 567 cm−1 which
can be assigned to Fe–O stretching vibration [33].

3.5. Mössbauer spectroscopy
Fig. 5 presents room temperature Mössbauer spectra of nominal
compositions La2Ti2(1−x)Fe2xO7−ı typically for values of x = 0.1, 0.4
and 0.8 prepared by solid state (Fig. 5a–c) and gel combustion route
(Fig. 5d–g). The corresponding values of Mössbauer parameters:

2Ti2(1−x)Fe2xO7−ı with different values of x.

ts

�TiO/�FeO �TiO [30] �TiO [31]

w 552vs 618sh,b 750s 805s
568 616sh 762 807

sh 570vs 620sh 760w 804w
571vs 615sh 770w 800w
575vs
590vs,b

w 567vs,b [32]
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ig. 5. Mössbauer spectra of nominal compositions La2Ti2(1−x)Fe2xO7−ı {LF(x)} synth
hown by dotted lines. (a) LF(0.1)SS, (b) LF(0.4)SS, (c) LF(0.8)SS, (d) LF(0.1)GC, (e) LF

agnetic hyperfine values (Hhf), isomer shift (ı), quadrupole split-
ing (�EQ), and area in percentage of tetrahedral and octahedral
ites of Fe3+ ions at room temperature for La2Ti2−xFexO7−ı sam-
les synthesized by both these routes gel combustion and solid
tate are listed in Tables 4 and 5. Mössbauer spectra reveal that Fe

s present in trivalent state in all the substituted samples but its
oordinative environment depended upon Fe content. Mössbauer
pectrum of LF(0.1)SS could be fitted into one symmetric paramag-
etic doublet, with a large quadrupole splitting (�EQ):0.643 mm/s

able 4
össbauer parameters: magnetic hyperfine values (Hhf), isomer shift (ı), quadrupole spli

t room temperature for nominal compositions La2Ti2(1−x)Fe2xO7−ı synthesized by solid s

La2Ti2(1−x)Fe2xO7−ı (SS) Sample Iron sites Isomer shift (ı) Qua
(�E

x = 0.1 LF(0.1)SS Doublet 0.358 0.64

x = 0.4 LF(0.4)SS Doublet 0.380 0.57
Sextet 1 0.403 0.02
Sextet 2 0.330 0.00

x = 0.8 LF(0.8)SS Sextet 1 0.378 0.04
Sextet 2 0.356 0.04

able 5
he magnetic hyperfine values (Hhf), isomer shift (ı), quadrupole splitting (�EQ), and area
or nominal compositions La2Ti2(1−x)Fe2xO7−ı synthesized by gel combustion route.

La2Ti2(1−x)Fe2xO7−ı GC Sample Iron sites Isomer shift (ı) Qua
(�E

x = 0.1 LF(0.1)GC Doublet 0.313 0.67

x = 0.4 LF(0.4)GC Doublet 0.364 0.57
Sextet 1 0.468 0.41

x = 0.6 LF(0.6)GC Doublet 0.360 0.57
Sextet 1 0.395 0.03
Sextet 2 0.416 0.09

x = 0.8 LF(0.8)GC Doublet 0.193 0.00
Sextet 1 0.399 0.03
Sextet 2 0.383 0.02
d by (a–c) solid state route and (d–g) gel combustion route. Component spectra are
C, (f) LF(0.6)GC, and (g) LF(0.8)GC.

and isomer shift (ı) of ∼0.358 mm/s, line width (� ):0.474 mm/s
(Fig. 5a) as mentioned in Table 4. This paramagnetic doublet is
attributed to the presence of Fe3+ ions in an octahedral oxygen lat-
tice distributed homogeneously in the sample [34]. With increasing
iron content in samples LF(0.4)SS and LF(0.8)SS a gradual transi-

tion from paramagnetic to magnetic (ferro- or antiferro-) can be
noted. This is reflected clearly in the presence of two hyperfine-
split sextets in LF(0.4)SS and LF(0.8)SS as shown in curves b and
c, respectively, of Fig. 5. The isomer shift for these sextets varies

tting (�EQ), and area in percentage of tetrahedral and octahedral sites of Fe3+ ions
tate reaction.

drupole splitting
Q) (mm/s)

Hyperfine values
(Hhf) (kG)

Width (� ) (mm/s) Area (%)

3 – 0.474 100

5 – 0.495 44.1
9 432.3 1.031 24.9
2 371.1 1.938 31.0

3 492.6 0.478 31.1
1 464.9 1.020 68.9

in percentage of tetrahedral and octahedral sites of Fe3+ ions at room temperature

drupole splitting
Q) (mm/s)

Hyperfine field
(Hhf) (kG)

Width (� ) (mm/s) Area (%)

7 – 0.474 100

9 – 0.479 79.65
4 516.6 0.512 20.35

1 – 0.497 34.19
2 515.3 0.512 22.24
0 429.7 1.211 43.57

1 – 1.237 03.31
3 510.7 0.532 30.61
9 474.2 1.211 66.08
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oxygen from the system and stabilizes the reduced species Ti3+ in
ig. 6. TPR cycles of nominal compositions La2Ti2(1−x)Fe2xO7−ı synthesized by solid
tate route. (a) LTOSS, (b) LF(0.2)SS, (c) LF(0.4)SS, (d) LF(0.6)SS, (e) LF(0.8)SS, and (f)
FOSS.

etween 0.3 and 0.4, the quadrupole splitting and values of other
össbauer parameters as mentioned in Table 4. These sextets may

e ascribed to Fe3+ cations located at distorted octahedral sites,
hus suggesting the existence of domains/regions with varying local
elds. This distortion in symmetry in LF(0.4)SS sample may arise
ue to anisotropic deformation of the environment of the Fe3+ ions
ue to oxygen vacancies generated by substitution at Ti4+ sites.
he sample LF(0.8)SS exhibits only two magnetic sextets (Fig. 5c)
ith hyperfine magnetic field (Hhf) values are 492.6 kG (octahedral

ites) and 464.9 kG (tetrahedral sites), revealing the relative con-
entration of Fe in octahedral and tetrahedral sites, respectively,
s shown in Table 4. These results thus reveal the presence of iron
n at least two distinct environments, the relative abundance of

hich may depend upon Fe-content. The Mössbauer spectroscopy
esults also show that the hyperfine field (Hhf) increased progres-
ively, as one goes to LF(0.8)SS (Fig. 5c) from LF(0.4)SS (Fig. 5b),
ndicating that Fe is more magnetically ordered in LF(0.8)SS. This
s further supported by the lower �EQ (quadrapole splitting) val-
es for LF(0.8)SS samples as compared to LF(0.4)SS as seen from
able 4.

Similarly corresponding spectra recorded for samples prepared
y gel combustion route are shown in Fig. 5d–g, reveals that inten-
ity of the magnetic component increases with the increase in Fe
ubstitution. 60–80% Fe substituted samples prepared by gel com-
ustion shows the existence of Fe in three distinct environments
hich is evident by presence of one paramagnetic doublet and two
agnetic sextets as shown in Fig. 5f and g. The large quadrupole

plitting (�EQ) as observed from Table 5 for gel combustion sam-
les is characteristic of very small crystallites (nanocrystalline
ature), their large surface to volume ratio causing large lattice
train and a correspondingly large electric field gradient at the iron
uclei [35].

.6. Temperature programmed reduction (TPR)

The TPR profiles of nominal compositions La Ti Fe O
2 2(1−x) 2x 7−ı

0.0 ≤ x ≤ 1.0) are presented in Fig. 6. Pristine LTOSS sample shows
weak reduction profile with minimal reduction (Fig. 6a). Substitu-

ion by reducible cation, Fe3+ in place of Ti4+ enhanced reducibility
n temperature range of 700–800 ◦C as shown in curves b–f of
lysis A: Chemical 335 (2011) 158–168 165

Fig. 6. The area under the peak corresponds to quantitative esti-
mation of H2 consumed for the reduction of Fe3+ → Fe0 in the
substituted samples. The amount of H2 consumption increases with
increase in Fe content in substituted samples. Partial Fe substitution
helped in facilitating completion of reduction cycle below 1000 ◦C,
which was extended beyond 1100 ◦C in parent samples, LTOSS and
LFOSS (Fig. 6a and f). Poor reducibility of LTOSS is in agreement
with the observation commonly seen in scheelites and pyrochlore
structures, oxygen rich compositions in which diffusivity of oxy-
gen is restricted. The changes in the TPR profiles as a result of Fe
substitution can be ascribed to the nonstoichiometry and imperfec-
tions generated in the single phased compositions. The decrease in
Tmax in LF(0.4)SS sample is attributed to greater non-stoichiometry
caused by substitution of an aliovalent cation at B site facilitat-
ing the lattice oxygen diffusion via anionic vacancies generated
in the process. The reduction behavior of the samples having sin-
gle LaFeO3 phase thus show reduction behavior of metal–oxygen
bond typically as that in perovskites. In these structures, oxy-
gen overstoichiometry is accommodated within the perovskite
framework in randomly distributed short range linear defects as
recently reported [1,7]. The two peak pattern observed at ∼820 ◦C
and ∼960 ◦C in TPR profile of LF(0.8)SS (Fig. 6e) is in accordance
with its Mössbauer spectra (Fig. 5c) where existence of Fe in two
distinct sites, i.e., octahedral and tetrahedral is revealed. Reduc-
tion of Fe in octahedral sites occurs at lower temperature than
tetrahedral sites as bulk oxygen from Fe–O bond in FeO6 coordi-
nation is labile as compared to desorptivity of oxygen from Fe–O
bond in FeO4 coordination. The Tmax of the individual peaks in
LF(0.4)SS (Fig. 6c), was found to be at ∼785 ◦C as compared to
∼822 ◦C in sample having 80% Fe substitution, i.e. LF(0.8)SS (Fig. 6e).
The increase in Tmax from LF(0.4)SS to LF(0.8)SS and LFOSS indi-
cates that lesser number of the defects is created in the sample
as the ideal perovskite is reached in samples having Fe content
higher than 80%. The mobility of lattice oxygen is restricted in the
ideal perovskite as compared to disordered lattice as evident by
Mössbauer results and therefore increase in Tmax is observed for
LF(0.8)SS and LFOSS samples as compared to disordered LF(0.4)SS
perovskite.

The effect of modified surface properties of powder oxides and
higher surface area on the reduction behavior is shown in Fig. 7.
Typical first TPR cycle of LF(0.4)GC and LF(0.4)SS sample is shown
in Fig. 7. LF(0.4)GC sample synthesized by gel combustion route
shows a reduction peak at 510 ◦C in addition to main reduction band
at ∼800 ◦C as seen in Fig. 7. The higher surface area (68 m2 g−1),
and decreased particle size (14–17 nm) of sample as mentioned in
Table 2, synthesized by gel combustion route induces ease in dif-
fusivity and reactivity of hydrogen lowering the activation barrier,
induces ease in reducibility of sample at lower temperature.

3.7. Phase identification of reduced samples

The XRD patterns of TPR residue of LTOSS and Fe substituted
LF(0.8)SS samples after reduction are compared with the fresh sam-
ples in Fig. 8. The reduction in 5% H2/Ar did not affect the XRD of
these samples significantly as evident from Fig. 8. Thus the oxygen
excess titanate LTOSS show considerable structural and phase sta-
bility even after reduction. Since there is no significant change in
lattice after reduction for LF(0.8)SS, it gives an indication that along
with Fe3+, Ti4+ is also undergoing reduction and converts to metal-
lic Fe and Ti3+. This indicates that hydrogen swipes away the extra
the ABO3 type of lattice. The considerable phase stability of LTOGC
on reduction makes it a preferred prospective support [36] for dis-
persion of metal ions where it can show excellent oxygen storage
capacity.
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Fig. 7. Effect of synthetic route on reduction behavior of the sample is shown by
comparing first TPR profile of LF(0.4)GC (a) and LF(0.4)SS (b) prepared by gel com-
bustion and solid state route, respectively.
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ig. 8. XRD patterns of unsubstituted La2Ti2O7 (LTOSS) and Fe substituted
a2Ti0.4Fe1.6O7−ı {LF(0.8)SS} samples before and after First TPR cycle.
.8. Catalytic activity

.8.1. CO + N2O reaction
The temperature dependent catalytic activity of nominal com-

ositions La2Ti2(1−x)Fe2xO3+ı synthesized by solid state route (a–g)
Fig. 9. The temperature dependent activity of nominal compositions
La2Ti2(1−x)Fe2xO7−ı synthesized by solid state (a–g) and gel combustion route
(h–m) for CO + N2O reaction.

and gel combustion (h–m) for decomposition of N2O using CO
viz.; CO + N2O reaction is exhibited in Fig. 9. The reactant mix-
ture of CO:N2O:He = 2:2:16 was fed to the catalyst at a rate of
40 ml/min. Partially Fe substituted samples have shown better
activity as compared to unsubstituted samples. Unsubstituted
samples, La2Ti2O7 (LTOSS) and LaFeO3 (LFOSS) have shown poor
activity of ∼80% and 100% at 700 ◦C as shown in Fig. 9a and b,
respectively. LF(0.1)SS and LF(0.2)SS (curves c and d) samples have
shown slightly better activity than unsubstituted LTOSS but similar
to LFOSS phase. Whereas LF(0.4)SS sample resulted in consider-
able rise in activity as shown in curve e with 80% conversion at
450 ◦C in contrast to mere 10% and 35% conversion by unsub-
stituted samples. Maximum conversion of 100% was observed
over the LF(0.4)SS sample at 550 ◦C for CO + N2O → CO2 + N2 reac-
tion (Fig. 9e). The light off temperature for LF(0.4)SS sample
was at ∼275 ◦C much lower as compared to ∼400 ◦C in case
of unsubstituted sample LTOSS. LF(0.6)SS and LF(0.8)SS with
higher Fe content have considerably activity (Fig. 9f and g)
but lower than LF(0.4)SS sample. The decreasing order of activ-
ity LF(0.4)SS > LF(0.6)SS > LF(0.8)SS > LF(0.2)SS > LFOSS > LF(0.1)SS >
LTOSS was observed in solid state samples.

Gel combustion synthesis has imparted enhanced catalytic
activity to these La2Ti2(1−x)Fe2xO3+ı samples as compared to their
solid state analogues (Fig. 9h–m). Catalytic activities of unsubsti-
tuted LTOGC and LFOGC with single phase La2Ti2O7 and LaFeO3
phases, respectively, have shown mere ∼20% and ∼45% conversion
at 400 ◦C, respectively, in curves h and m of Fig. 9. Thus, pure
single phase are not responsible for high activity. LF(0.2)GC and
LF(0.8)GC (curves i and m) samples have shown 100% conversion
at ∼450 ◦C. LF(0.4)GC sample resulted in considerable rise in
activity as shown in curve j with 100% conversion at 425 ◦C in

comparison to other samples. Among all samples, maximum
conversion of 100% occurred over LF(0.6)GC at ∼395 ◦C as shown in
Fig. 9k for CO + N2O → CO2 + N2 reaction. The catalytic activity for
CO + N2O reaction on gel combustion synthesized samples follows,
LF(0.6)GC > LF(0.4)GC > LF(0.8)GC ≈ LFOGC > LF(0.2)GC > LTOGC a
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studies presented elsewhere [9].
ig. 10. Effect of Fe substitution on T50 (a, c)and T100 (b, d), temperatures at
hich 50% and 100% conversions were obtained over nominal compositions

a2Ti2(1−x)Fe2xO7−ı synthesized by gel combustion (a, b) and solid state (c, d) routes
or CO + N2O reaction.

rend similar as above for solid state samples at lower activity level
ith an exception for the most active sample (Fig. 9).

Plot of T50 and T100 values vs. x (extent of substitution) in nom-
nal compositions La2Ti2(1−x)Fe2xO3+ı is shown in Fig. 10. T50 and
100 suggests the temperatures at which 50% and 100% conversion
or CO + N2O reaction achieved in all substituted and unsubstituted
amples synthesized by both the routes. Both T100 and T50 values
re lowest for LF(0.4)SS and LF(0.6)GC suggesting that 40–60% Fe
ubstitution leads to catalytically active compositions synthesized
y either route for CO + N2O reaction. Gel combustion synthesis has

mproved activity in temperature range of 395–525 ◦C lower by
150–225 ◦C than corresponding solid state samples (550–750 ◦C)
lthough there is not much decrease in the onset of reaction as
vident by curves b and d of Fig. 10. The difference in T50 and T100
alues (curves a and b) of samples synthesized by GC route is ∼28 ◦C
uch lower as compared to corresponding curves (c and d) of solid

tate synthesized samples (250 ◦C) in Fig. 10. Thus, after the onset
f reaction, rate increases steeply with rise in temperature over
ne powders of La2Ti2(1−x)Fe2xO3+ı synthesized by gel combus-
ion, in contrast to sluggish rate observed in solid state analogues
Figs. 9 and 10).

.8.2. CO oxidation
Nominal compositions La2Ti2(1−x)Fe2xO3+ı were also evalu-

ted for CO oxidation reaction to support and establish the
tructure–activity correlations. In this case, the reactant mix-
ure comprising of CO:O2:He = 2:1:17 was fed to the catalyst at

rate of 40 ml/min. Fig. 11 presents the temperature depen-
ent catalytic activity of La2Ti2(1−x)Fe2xO3+ı solid state (a–e)
nd combustion route (f–j) samples for CO + O2 reaction. Sam-
les prepared by softer route shifted the temperature window

rom 400–700 ◦C (Fig. 11a–e) to 200–400 ◦C (curves f–j). Gel
ombustion synthesis has induced activity in all Fe substituted
amples even at 325 ◦C, whereas corresponding solid state sam-
les do not show any conversion at 325 ◦C. Similar to CO + N2O
Fig. 11. Temperature dependent catalytic activity of nominal compositions
La2Ti2(1−x)Fe2xO7−ı samples synthesized by solid state and gel combustion routes
for CO + O2 reaction.

reaction, partially Fe substituted samples have shown better activ-
ity as compared to both the unsubstituted phase LTOSS and
LFOSS. Maximum conversion of 100% at ∼325 ◦C with an onset
at ∼175 ◦C over LF(0.6)GC combustion route samples (Fig. 11j).
Whereas among solid state samples maximum activity of 100%
conversion at 550 ◦C, with the onset at 250 ◦C for CO2 forma-
tion over LF(0.4)SS (curve d) was observed. All other samples,
particularly unsubstituted phases, have shown reduced activity
(Fig. 11). The decreasing order of activity for CO + O2 reaction
is LF(0.6)GC > LF(0.4)GC ≈ LF(0.8)GC > LF(0.2)GC > LTOGC for gel
combustion and LF(0.4)SS > LF(0.6)SS > LF(0.2)SS > LFOSS > LTOSS
for the solid state synthesized samples as revealed from
Fig. 11.

3.8.3. Surface–bulk-activity correlations
The decreasing order of activity as revealed from

Figs. 9–11 for CO + N2O as well as CO + O2 reaction is:
LF(0.4)SS > LF(0.6)SS > LF(0.2)SS > LFOSS > LTOSS in case of solid
state prepared samples and LF(0.6)GC > LF(0.4)GC ≈ LF(0.8)GC >
LF(0.2)GC > LTOGC for combustion samples. The activity order is
similar for the samples synthesized by same route irrespective of
the reaction. In both the reactions, CO oxidation occurs either by
N2O or by O2, the maximum activity was obtained over LF(0.6)GC
and LF(0.4)SS samples. Substituted samples with 40–60% Fe are
most active catalytic formulations irrespective of the preparation
route. However, 100% conversion for CO oxidation occurs at 325 ◦C
as compared to 395 ◦C for CO + N2O reaction over LF(0.6)GC, the
most active sample, suggesting that CO oxidation is the driving
force for the reduction of N2O by CO. The difference in activity
can be attributed to presence of oxygen in CO oxidation which
assists the oxidation reaction over LF(0.6)GC sample, also O2 is
stronger oxidizing agent as compared to N2O. Whereas in CO + N2O
reaction, CO is oxidized by facile lattice oxygen as suggested by
catalytic activity results which is further confirmed by in situ FTIR
Catalytic activity of solid state samples calcined at 1400 ◦C
with negligible surface area could be attributed only to crystal
structure and modified bulk properties as a result of Fe substi-
tution. Substitution by more reducible cation, i.e., Fe3+ at Ti4+
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ites resulted increased reducibility with decreased Tmax observed
n TPR profile of LF(0.4)SS. Studies investigated by Mössbauer
pectroscopy also corroborate these results wherein asymme-
ry around the Fe3+ ions imparted by nonstoichiometry-induced
nionic vacancies is clearly evident (Fig. 4d) and are responsi-
le for maximum conversion of 100% at 550 ◦C observed over
F(0.4)SS. In case of samples prepared by gel combustion, surface
rea is greatly enhanced, particularly in LF(0.4)GC (∼68 m2 g−1)
nd LF(0.6)GC (∼47 m2 g−1), both are active but LF(0.6)GC shows
aximum activity as against their surface area trend. This sug-

ests that along with enhanced adsorption active sites on the
urface, crystal structure also plays an important role in decid-
ng their catalytic properties. Both LF(0.4)GC and LF(0.6)GC are
ingle phased LaFeO3 samples, where LF(0.6)GC sample is more
rystalline. An increased crystallinity ensures easy diffusion path of
attice oxygen via anionic vacancies properly generated in nonsto-
chiometric LF(0.6)GC sample. The Mössbauer spectroscopy results
lso show that the hyperfine field (Hhf) increased progressively,
s one goes to LF(0.8)SS (Fig. 5c) from LF(0.4)SS (Fig. 5b), indi-
ating that Fe is more magnetically ordered in LF(0.8)SS. The
ncrease in Tmax from LF(0.6)SS to LFOSS sample (Fig. 6d and f,
espectively) may be attributed to increase in symmetric order-
ng of Fe in case of higher substituted LF(0.8)SS sample, as evident
y Mössbauer results (Fig. 3) resulting in decreased catalytic
ctivity of single phased crystalline LF(0.8)SS and LFOSS sam-
les as compared to LF(0.4)SS. Thus, enhanced catalytic activity of
F(0.6)GC is attributed to more active LaFeO3 phase with increased
urface area. While modified bulk properties, like maximum
symmetric distortion around Fe3+ atom, enhanced reducibility
nd substitution-induced anionic vacancies in nonstoichiometric
F(0.4)SS sample has maximized its activity for both the reac-
ions.

. Conclusion

Role of surface/bulk properties on catalyst performance was
mphasized in the present study by applying both citrate com-
ustion synthesis and conventional routes of synthesis. Here,
eplacement of Ti4+ by lower valence Fe3+ cation, created anionic
acancies that might favor lattice oxygen mobility and activity.
ombustion route helped in achieving single phase, nanosized
orous LF(0.4)GC and LF(0.6)GC samples at 800 ◦C in contrast
o 1400 ◦C required for solid state synthesis. Fe substitution led
o considerable rise in surface areas of order of ∼68 m2 g−1 and
47 m2 g−1 in LF(0.4)GC and LF(0.6)GC samples accompanied with

ormation of pores of 20–30 Å radius, as compared to unsubstituted,
ample, LTOGC with poor surface area of ∼12 m2 g−1. The increase
n Tmax from LF(0.6)SS to LFOSS (Fig. 6d and f, respectively) may be
ttributed to increase in symmetric ordering of Fe in case of higher
ubstituted LF(0.8)SS, as evident by Mössbauer results (Fig. 4) also

anifested in their lower catalytic activity. Among all samples, the
aximum conversion of 100% occurred over LF(0.6)GC at ∼395 ◦C

or CO + N2O and at ∼325 ◦C for CO oxidation reaction. In conclu-
ion we may state that enhanced catalytic activity of LF(0.6)GC is
ttributed to nonstoichiometric single LaFeO3 phase with higher

[

[

lysis A: Chemical 335 (2011) 158–168

surface area. This suggests that along with enhanced adsorption
active sites on the surface, crystal structure also plays an impor-
tant role in deciding their catalytic properties. While modified bulk
properties, like maximum asymmetric distortion around Fe3+ atom,
enhanced reducibility and substitution induced-anionic vacancies
in nonstoichiometric LF(0.4)SS sample has maximized its activity
for both the reactions.

Reaction mechanism investigated by in situ FTIR studies by the
authors over these samples for the decomposition of N2O using CO
is recently published elsewhere [9].
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