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Abstract

LaMn,V;_,04_5(0 < x < 1) samples were characterized using thermogravimetry, thermo-dilatometry, high-temperature
X-ray diffraction (HTXRD) and temperature-programmed reduction techniques, with an objective to explore the role of
substitution on their thermo-physical properties, which may have a direct bearing on their catalytic behavior. Even though
the substituted compositions  0.8) were of a single phase, their reduction occurred in two steps, a lower temperature
step corresponding to Miv — Mn3*t/MnZ* and another higher temperature one related® ¥ V3*. The dilatometric
measurements gave similar values of linear thermal expansion coeffigig¢att emperatures up to 60C, both for LavQ
and substituted samples. A different behavior was, however, observed at higher temperatures, whereas thermal contraction
was observed in case of La\{@or measurements at temperatures above’@@he value ofy; remained almost constant
in case of the substituted samples. Furthermore, the HTXRD data revealed expansion in cell volume for all temperatures
up to 950°C, irrespective of the substitution. These results therefore point to a higher degree of sintering in 4aVO
compared to Mn-doped samples on heating at temperatures abo¥€.7100 inferred that the resistance to sintering and
the lowering of the reduction temperature are both responsible to the higher catalytic activity of the substituted samples and
their compositional stability during the repeated cycles of reduction-reoxidation, as reported earlier [Appl. Catal. A 205
(2001) 295].
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction drance in acceptance of such catalysts has been their
instability under long-term reaction conditions. We

Mixed oxides with spinel, perovskite and py- have taken up in our laboratory a systematic study

rochlore structures have been investigated widely on the catalytic behavior of oxygen-rich AB@ype

in order to explore their suitability as catalysts for compounds in order to demonstrate the influence of

various applications such as in pollution control, elec- substitution at A or B site on the catalytic activity

trolytic cells, etc. Among these oxide systems, the and the compositional stability of these compounds

simple perovskites with basic formula ABChave during the repeated cycles of oxidation and reduction.

received much of the attentiofi—4]. A main hin- In a recent publication, we reported that even though
the lanthanum orthovanadate (Lay)\&howed a very
* Corresponding author. Fax:91-22-550-5151. limited activity for CO oxidation reaction, the substi-
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ment in catalytic activity and it also resulted in greater 3. Results and discussion

structural stability over repetitive cycles of reduction

and re-oxidation5]. The oxygen non-stoichiometry  3.1. X-ray diffraction

generated in the system on introduction of ‘Mris

found to be responsible for this improvement. Present  All the compositions of LaMgV1_,04_s samples

study was taken up to monitor the thermo-physical (x = 0.0-0.8) were found to be of single phase and

characteristics of LaMyV1_,04_s compositions us- their XRD powder patterns matched with the typical

ing thermogravimetry (TG), temperature-programmed XRD diffraction of monoclinic LavQ (JCPDS card

reduction (TPR), thermo-dilatometry and high-tem- no. 25-427). These data are described in detail in our

perature X-ray diffraction (HTXRD) techniques, with  earlier publicatior5]. A slight increase in peak width,

a view to understand the role of substitutions in the however, indicated a marginal decrease of crystallinity

modification of the structural and catalytic properties as a result of substitution of Mn in place of V. Also,

of these compounds. the structure of the sample with= 1 was found to be
different from that of both LaV@ and LaMnQ, and
based on the stoichiometric ratio of i@ and MnGQ

2. Experimental (2:2) it was deduced to beB,07-type mixed oxide.

LaMn,V1_,04-s (0 < x < 1.0) samples were pre-  3.2. Thermogravimetry
pared by ceramic route, as described eafbgr The
samples were found to be stable when heated in air at Fig. 1shows the TG curves of various LalyW; _,

temperatures up to 100CQ. X-ray diffraction (XRD) 04_s compositions recorded in hydrogen atmosphere.
and at temperature intervals of 20D with the help

thermobalance in § atmosphere (8% in Ar) with

TPR patterns were recorded in a temperature interval

of 27-900°C (heating rate: 6Cmin~1; gas flow: () x=02

20 mImin1) in the atmosphere of :(5%)+ Ar. The U

the same pressure of 4000kgct The bulk den-

patterns of different samples were recorded prior to

of a Philip X’'pert Pro unit equipped with an An-

ton Par high-temperature attachment. The program (¢) x=08
used for generating lattice parameter from powder

sample size of few milligrams and at a heating rate

bulk thermal expansion of these mixed oxide samples

sity of the two typical sample pellets of La\\Gand

and after TG scan on a Philips PW1710 diffractome-
ter (Ni-filtered Cu Ka radiation). HTXRD patterns

were recorded in air at scanning rate ofrdin~! () x=10
XRD pattern was POWD program, version Z6).

TG scans were recorded on TG-DT 30 Shimadzu Nw

of 6°Cmin1. The amount of K consumed was

calculated independently from TPR data obtained {¢) x=03
with a Thermoquest TPDRO-1100 analyzer. The

was monitored in air in the range of ambient tem-

perature to 900C, using an LKB 3185 fused quartz 7% (a) x=00
vertical thermo-dilatometer. For these measurements

the samples were pelletized (10 mm diameter) at T

LaMng 5V 5045 thus prepared was found to be 3.56 Fig. 1. TG curves of LaMgv;_,O4_; compositions with the
and 2.75gcm?, respectively. varying values of.

mass loss / %

T T T T T T T T
200 400 600 800 1000
t/°C
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Table 1
Thermogravimetric analysis of LaMK1_,04_s in 8% H, in argon atmosphere
Composition First step Second step Residue

Weight loss (%) Temperature Weight loss (%) Temperature

range (C) range (C)

V705 - - 17.66 525-840 V7,03
LaVO, - - 6.57 510-790 LaVvVO3
LaMnp V08039 2.0 300-380 7.0 510-740 LaMng 2V 803
LaMng3V.703.85 2.0 340-420 5.0 500-745 LaMng 3V.703
LaMnp 4Vo.603.8 3.0 300-550 3.3 570-710 LaMng 4Vo603
LaMnggVo2036 4.8 320-500 5.2 560-820 LaVOgs, LapO3, MnO
La;Mn,07 3.0 310-420 3.7 430-810 Lap;03, MnO
MnO» 22 80-690 - - MnO

As is evident fromFig. 1a, LavVQ shows a single LaMnggVo204—5 Where a considerable weight loss
step reduction in 500-80@ temperature range. Com- is observed during the second step. The XRD pattern
pared to this, the Mn-substituted samples exhibited of the TG residue of this sample showed presence
different weight loss behaviour depending upon the of MnO, suggesting that further reduction of Rin
value ofx. Thus, in case of samples withup to 0.3 to Mn?t contributed to the second step along with
a two-step weight loss is observed (Fig. 1b—e) where the reduction of ¥+ to V3*. This inference is sup-
the first reduction occurs in temperature region of ported further by the observation that vanadium-free
300-500C and the second reduction in 550-8@0 LaMnyOy also showed a thermal decomposition in the
range. On the other hand, a multi step reduction pro- temperature interval of 310-81Q.

cess is observed for the samples witl- 0.3. In the Thus, the overall reduction processes of LaMn
substituted oxides there are two reducible cations, viz. V1_,04_s, as deduced from TG data and from the
manganese and vanadium. Therefore, the TG curvesXRD data recorded on residues of TG runs, can be
of these mixed oxides were evaluated in reference represented by the following three possible routes de-
to pure \bOs and MnG. On comparing the weight  pending upon sample composition:

loss and the temperature interval during which the () For 0.0 < x < 0.3

weight loss occurs (Table 1), one can conclude that at o=
lower concentratlolrof Mn in LaMyV 1+_X_O4_5 sgm— LaMn,*V,_ 504 s
ples (x < 0.3), Mn** reduces to MAt in the first
stage, while the second stage corresponds to the re-
duction of \P* to V3. On the other hand, in case
of samples with higher concentration of Mn (& LaMnx3+Vl—x5+o4—5—x/2
0.4), while Mrf* reduces to MA* in the first step, 3, 34

in the second step M reduces further to Mt — LaMn, V17705

— LaMn, 3tV 5704 512

along with the reduction of ¥ to V3+. This ex- (i) For 0.4 <x <08

plains the multi-step TG curves iRig. 1c—e. The o

XRD patterns of the residual samples obtained after 2LaMn, V1> T0a_s

the TG analysis of sample compositions with G< — 2yLaMn 3tV 51045

x < 0.8 matched with that of LaVg) and only traces

of La,O3 and MnO could be detected. Even though +(1 - y)Laz03 + (1 - y)Mn203
the formation of MnO remained undetected in the

XRD pattern of LaMi 4V0.604—s (Table 1) recorded 2yLaMn, 3tV 1_,>T04_s

after reduction, the TG data revealed that a part of
Mn3+ is further reduced to MiT in this sample also. +d- y)Lazgf + (13: YIMn203
TG results ofFig. 1e reveal a two-step reduction for — LaMn,""V3_,"703 + Laz0z + MnO
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(i) For x =1.0
LaoMnoO7 — LapxO3 + Mn0s3
LaxO3 + Mn203 — LayO3 + 2MnO

3.3. TPR studies

Fig. 2 presents TPR profiles of LaMN1_,04_;
samples. The derivative thermogravimetry (DTG)
curves corresponding to the data givenFig. 1 are
also presented by dashed linedHig. 2for a compar-
ative evaluation. As seen irig. 2a, the first cycle of
TPR profile of LaVQ comprises of a main peak with
a temperature maximum gEy) of ~800°C along
with a weak band at around600°C. The doping
with manganese led to significant changes in TPR

profile. Thus, the manganese-containing samples gave

rise to a multi-step reduction profile and at the same
time theTyax of the main TPR peak (82) shifted
progressively to a lower temperature of 6ZDwith
increasingx. The data inFig. 2 also reveal that the

;_}
9}
o
%
(d) =04 &
=
3
=
(€) x=03 =
Z
-
i 1Y
[/ A}
\
Al
(a) x=10.0 .
4 1 1 1 1 M —
0 200 400 600 800 1000

1/°C

Fig. 2. TPR and DTG plots (dashed lines) of Laph_,O4_s
samples as a function of
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TPR profiles are quite in agreement with the deriva-
tive thermogravimetric plots. Since the TG data show
that the reduction of Mn precedes that of vanadium in
a substituted sample, the new TPR band-d400°C

in Fig. 2b—f may be attributed to the reduction of
manganese while the 80C peak arises due to re-
duction of vanadium. The progressive lowering of the
temperature of the 80 peak inFig. 2a—e thus indi-
cates an ease of reduction of vanadium as a result of
Mn doping. The XRD profile of the residue obtained
after TPR runs matched with that of La¥@QICPDS
card no. 11-24). The hydrogen consumption data for
TPR runs indicate a consistent increase in the value of
8 (oxygen ion vacancies) with increasing valuexof

3.4. Dilatometry

The value of the percent linear thermal expansion
of LaVO4 and LaMny 5V 5045 Samples, as obtained
by dilatometric measurements, is plottedFiy. 3 as
a function of temperature. It was observed that while
all the samples expand non-linearly with an increased
rate of expansion up to 65C, the expansion be-
yond this temperature is quite different for the parent
compound and the Mn-substituted samples. Thus, it is
of interest to note that a negative thermal expansion
is observed for LaV@ in the temperature range of

Linear thermal expansion / %

T T T
400 600 800

ti°C

T T
0 200

Fig. 3. Variation of % linear thermal expansion of Lay@nd
LaMng5V0504_s as a function of temperature.
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Table 2
Thermal expansion behaviour of Lay@nd LaMmy5V0504—s

Compound Average linear thermal expansion
coefficient (o x 10°K~1)
25-650°C 25-850°C

LaVO, 8.00 0.77

LaMng sV 5037 8.78 6.95

650-800°C. On the other hand the expansion in the
case of LaMg 5V 504_s continues even at these high

283

may be attributed to either contraction in cell vol-
ume or significant sintering of the sample at temper-
atures above 65CC. Dilatometric measurements thus
point to a better thermal stability of Mn-substituted
samples as compared to that of the parent compound
LaVO;,.

3.5. High-temperature X-ray diffraction

In order to explore the genesis of the thermal ex-
pansion behaviour of LaVgpat temperatures above

temperatures, though at lower rate. The values of aver-650°C (Fig. 3a), the change of cell parameters and

age linear thermal expansion coefficient)(af these
samples are given ihable 2for the temperature range

phase transitions effected by the thermal treatment
were monitored by recording the HTXRD patterns at

of 30-650°C and also for the entire temperature range different temperatures up to 95Q; these data are

of 30-800°C. The drastic decrease in the valuexpf
at elevated temperatures in case of Lav@able 2)

given inFig. 4. It can be clearly seen that the LayO
retained its single phase on heating at temperatures

() RT, Cooling

| (i) 600°C, Cooling

L (yiesoic
| (@)issotC
- (®300°C

| (e)iT00%C

Relative intensity

L (d) 6005C
L (e)i400tC

{ (b)2000C

2e/°

Fig. 4. HTXRD patterns of LaV@ recorded at different temperatures in the range of 282@58nd on subsequent cooling.
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Table 3 defect clusters in a lattice, which may have various

Variation of unit cell parameters of La\{Owith temperature configurations and may in turn hinder the mobility of
Temperature  a (A) b (A) c (A Volume (A3) the cationg7]. This mechanism may thus account for
¢S the resistance to sintering in case of the substituted
28 7.0530  7.2825  6.7047  333.15 LaVO, at elevated temperatures (Fig. 3).

200 7.0534  7.2881  6.7266  334.24

400 7.0684  7.2940  6.7481  336.10

600 7.0780  7.3052  6.7714 33831 _

700 7.0007 7.3006 6.7813  339.18 4. Conclusions

800 7.0980  7.3108  6.7938  340.60

850 7.1004  7.3146  6.7978  341.08 Dilatometry and HTXRD techniques have been em-
950 7.1096  7.3196  6.8103  342.38

ployed in this study in conjunction with TG and TPR
methods so as to unravel the influence of B-site sub-
stitution in LavVQy, on its thermo-physical characteris-
up to 950°C though a systematic but marginal shift tics. These results reveal that the substitution of V by
of 26-values towards a lower angle was observed with \mn resulted not only in the lowering of the reduction
increasing temperature, e.g. the peak avaie of  temperature but also led to the resistance of host ma-
30.1T shifts to 29.91 at 600°C and to 29.75at  trix to sintering at elevated temperature. Whereas the
950°C. The cell parameters and the cell volumes of reduction of the substituted compositions occurred in
LaVQOy, as deduced from indexing ofthe XRD patterns two steps, LaVQ@ reduced to oxidation Stateav in
in Fig. 4, are compiled iTable 3. The consistentin- 3 single step. The presence of fnalso assisted in
crease in cell parameters and cell volume with increase the lowering of the temperature required for V—
of temperature unequivocally rules out the possibility \/3+ transformation, probably due to oxygen ion va-
of lattice contraction, as expected for these materials. cancies generated in the @ tetrahedra. The resis-
Thus the drastic decreasednat temperatures above tance to sintering of LaMyV/1_,O4_s compositions
650°C (Fig. 3a) is unquestionably attributed to the s attributed to introduction of certain defect clusters
prevalence of sintering process in Lay@t tempera-  pecause of large non-stoichiometry in the anionic sub-
tures higher than 65CC. lattice, which in turn might hinder the diffusion of the
The effect of heating on lattice parameters, as shown cations at elevated temperatures. It is suggested that
in Table 3, was found to be reversible. Thus, on cool- the higher catalytic activity of the substituted sam-
ing of a sample subsequent to HTXRD datdaf. 4h, ples and their reproducible reduction/re-oxidation be-
the XRD patterns recorded at 600 (Fig. 4i) and at  haviour during the repeated runs, as described in our
room temperature (Fig. 4j) were found to be identi- earlier publication in detai[5], may have their ori-
cal with the corresponding patternsfing. 4d and &,  gin in the lowering of the reduction temperature and

respectively. the improved resistance to sintering as a result of the
HTXRD patterns of LaMpsVo504_s showed ther- cationic substitution.

mal expansion behaviour similar to that of La YO

at sample temperatures up to 88 At higher tem-
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