CHAPTER — Il

Structural, Thermal and Electrical Study of Bis,Me,V,0115
(Me=Lli) Solid Solution

To myself | am only a child playing on the beach, while vast oceans of truth lie
undiscovered before me.

| saac Newton

63



Chapter —lli Struct., Thermal & ElectStudy of Bj,LiyV,011.5

3.1. Introduction

In recent times much attention has been concedt@ieBIMEVOXes to introduce
extrinsic vacancies so as to achieve higher oxygenc conductivity in these
materials. The high temperaturgolymorph can successfully be stabilized to room
temperature by incorporating isovalent or aliovalestions at the vanadium site

4]. Particularly, divalent substitution for vanadiune., ByV2xMExO115 (ME stands
for divalent metals such as Cu, Co, Ti, etc.) hbeen widely investigated and show
relatively high oxide ion conductivity in the inteediate temperature regirfie 2, 5].
The best ionic conductivities, known up to now, éadween reported for copper,
titanium and antimony members of the BIMEVOX famiyn the other hand, only
scanty reports are there on Bi-site substitu{®®8]. Therefore, it is important to
investigate the effect of doping at Bi-site on gfese formation and conductivity of

the parent compound Bi,0;;.

A large number of investigations have been caraetion divalent doped (V-site)
bismuth vanadate. However, the effect of monovatkging has not been studied
extensively[9]. A few works have been reported on Li and Ag dopand/-site[9-
11]. In a recent brief communication, effect of Li-dogi at Bi-site on the
conductivity of BipV,0;; was reportedl12]. In this chapter, we report detailed
structural, thermal and electrical studies of,BiLV,0115 compound with x =0 - 0.4.

3.2 Experimental

The series of the compounds,Rii V20115 (0 < x < 0.4) were prepared by taking
appropriate quantities of BDs (99%), \bOs (99%) and LiCO; (99%). The details of

the synthesis process have been discussethipter-11 .
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3.3. Results and discussion
3.3.1 X-ray diffraction

The Fig.3.1 shows the room temperature X-ray diffraction pateof the system
BisxLixV20115 (0 < x < 0.4). The analysis of XRD data was performed usi@yvD

MULT Program [13. The experimentally observed diffraction patternsrevalso
compared with the JCPDS ICDD (1999 version 2.02e Values of the full width
half maxima (FWHM) for Williamson hall equation veeevaluated using “X’pert
High score plus” softwaréhe lattice parameters were obtained consideriag#ést
agreement between observed and calculated valmegblaner spacing ‘d’, i.&Ad

= X(dobs — Gea) = Minimum.

Intensity (a.u)

2Theta (°)

Fig. 3.1(a): XRD patterns of Bi,LixV20115 (0< x<0.4) compounds.
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With super lattice diffraction peaks ab 2 32°, 48, and 54 the structure of the
parent compound BV,0,; could be indexed with-phase of orthorhombic structure
[14-16]. Orthorhombica-superstructure is also evident in XRD patternghefdoped
composition x=0.1. For higher level of substitugpthe doublets began to converge
which indicates partial suppression of orthorhomifiepolymorph at room
temperaturg3]. No impurity peaks have been found to be presettiarentire series
of compound. The composition dependence of unitpagbmeters is shown ifable
3.1.

Table-3.1(a): The unit cell parameters of BLi«V,0,1.5 series of compounds.

Composition| a(A) b(A) c(A) Volume(&)
x=0 5521 (18)| 5.598 (18)15.243 (16) 471.108
x=0.1 5548 (12)| 5.574 (09)15.256 (11)] 471.785
x=0.2 5.556 (17)| 5.568 (14)15.286 (16)|  472.884
x=03 5572 (15)| 5.556 (18)15.314 (13)] 474.091
x=04 5578 (20)| 5.549 (22)15.325 (24)  474.344

For the undoped compound, the value of the lagiaeameters agree with those
reported earlief14]. It has been observed thatdecreases whila andc increases
with increasing dopant concentration. The increagbe dimension of parameter is
a sign of change from to B polymorph[16]. A gradual increase of cell volume with
X is not consistent with the substitution of largt" by smaller Li. Considering that
Li* (76 pm) has smaller effective ionic radius thaff BLO3 pm), it seems that though
the substitution has been done to replace Bi, i nagher substitute for V (59 pm).
Moreover, the similarity between observed XRD pattand the reported XRD
pattern for Li doped at V site [16] also suggestsité substitution of the dopent (Li).

To maintain the charge neutrality either in theecabBi-site (Bi.xLixV20115) or V-

site (BixLixV2xO115) Substitution, the values éfare tabulated iffable 3.2.
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Table 3.1 (b):The value ob corresponding to Bi/V site substitution

Composition | 6 for Bi-site substitution | 6 for V-site substitution
x=0.1 0.1 0.35

x=0.2 0.2 0.7

x=0.3 0.3 1.05

x=0.4 0.4 1.4

The XRD profile of all the samples shows some beoaty of diffraction peaks.
When the crystallite size of a material is of theles of less than 100 nm, they
generally exhibit the peak broadening effect indtesharp peaks. Another factor
responsible for the XRD peak broadening may be tduattice strain. This factor,
however, in our case is not responsible for pealadening as has been explained
later in the text. Assuming that both the parti&ilee and the strain contributed to the
peak broadening effect, they can be separated img Williamson-Hall equation,
[17]

Bcos@ /A =K/D + 4esinf /A (3.1)

Where,f is the full width half maxima (FWHM), D is the atallite size, K is a shape
factor (usually about 0.94), is the diffraction angles is the strain induced aridis

the wavelength of Cul(A= 1.5418 A) radiation.

As shown inFig.3.1 (b) the size of the crystallite and the strain adeutated from
the Y intercept and the slope of the graph plotietiveen 4 si andp cos6. The
estimated crystallite sizes of the compositionsrli¢he range of 35nm to 54 nm and
are shown in theFig.3.1 (b) For all the doped compositions, the sizes of the
crystallites are found to be less than the parentpound. The microstrains induced
were of the order of Ibwhich is very small and hence has negligible eftectXRD

broadening.
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Fig. 3.1 (b): williamson Hall plotfor (a) x = 0, (b) x = 0.1, (c) x = 0.3 and (c) x =

0.4 compositions of the compound,RLi, V20115,
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Fig. 3.1(c):crystallite size (D) Vs composition (x) of BiLixV20115 (0< x<0.4)

3.3.2. FTIR spectra

compounds.

The above mentioned XRD results of,BiiV,0,15System were also confirmed by

FTIR spectra shown ifig. 3.2 The atomic weight of Bi is 208.98 g/mol which is
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much larger than that of V which is 50.94 g/mol.eThtomic weight of Li is
...Moreover, the ionic radius of Bi (1.03 A) isder than that of V which is 0.59 A.
Thus, if Li (ionic radii) substitution takes plaae at Bi-site the (Bi-O) bond length is

expected to be longer and weaker compared to (MaDy and bringing to lowek

value (already mentioned ahapter II) which may lead to lowering af

x = 0.3

f

|

transmittance

]
)
n
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Fig.3.2: FT-IR patterns of Bi,Li« V0,15 Series of compounds.

A band in the IR spectra of parent compound (x =n6)iced at ~ 420 cthis
attributed to the symmetric stretching of (Bi-O)haveas that at ~720 is the
characteristic of the symmetric stretching of (V-nd [18-19]. The asymmetric
stretching mode of vibration,s(V-O) andv,s(O-V-O) associated with the vanadate
anion present in the- Bi4V,0115 noticed at ~940 — 760 and ~660 — 500 respectively
are also reported earlier in this systg@]. It is observed that the position of the (Bi-
O) bond almost remain same. On the other handadugt decrease in intensities of
IR peaks and hence the fine structure is obsergedhte doped specimens in the

region ~940 — 500 cthwhich reveals crystallographic distortion in thergvskite
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vanadate layer2[l] and suggest substitution of Li at V-site for #tle compositions
which further supports the observations of the X&0Odies (increasing cell volume
with the increase Li concentration).The decreasedhe IR peak intensity with
increasing dopant concentration can be correlated the partial suppression of
phase transition. Hence, owing to the increasewrtiisn in the perovskite vanadate

layer thep--phase is partially suppressed for the doped csipn.
3.3.3 Microstructure analysis

The scanning electron microscopy (SEM) of the freedd surfaces of the samples has
been carried out to visualize the micro structeféécts on the conductivity and solid
solution formation Fig. 3.3. The micrographs show uniformly distributed well
grown grains with good grain to grain connectivitgving grain size 9-14 pum.
However, few smaller grains of size 2-5 um are fesralong with the larger grains.
Segregation of grains are not evident for the ergaries of compound (x =0 to x =
0.4) implying that the compounds so prepared atkeinvthe solubility limit of Li.

-

L3

16kV  X2,500 . 10pm 0000 ‘.14 36 SEI

Fig. 3.3 (a):SEM image of the sintered pellet of composition& =
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15kV  X10,000 1pm 14 32 SEI

Fig. 3.3 (b): SEM image of the sintered pellet of composition .2

¥,
— 4 >

15kV. X10,000 1um 0000 14 32 SEI
Fig. 3.3 (c):SEM image of the sintered pellet of composition&.3
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15kV. X10,000 1pm 0000 13 32 SEI

Fig. 3.3 (d): SEM image of the sintered pellet of composition &.4

On careful inspection of micrographs for the sampleFig. 3.3 one can see the
interwoven wavy network type of structure whichmsre prominent for x = 0.2 and
become less prominent for the compositions witthé@rgdopant concentration. This
type of wavy network structure in ceramic compouhds been observed earlier for
piezoelectric materialg23-24. Bismuth vanadate (B¥.0;;) has been found to be
ferroelectric which belongs to the well-known fextectric Aurivillius family of
oxides with the general formula @Bl,)?* (An.1BnOsns )2 [25-27. During the process
of sintering, the compound crystallizes (at aboveri€C temperature) in cubic
perovskite structure and transforms in to lower sytry structure during the process
of cooling. The phase transformation results irtidat distortion which in turn
generates thermal stresses. These thermal stressedurther reduced by the
formation of domains. The structure comprises daséh parallel domains (wavy
network) formed due to the thermal lattice strauring cooling cycle of sintering
process. On the other hand the gradual decreas@\wf pattern for higher level of
substitutions (% 0.2) indicates partial stabilization @fpolymorph R§].
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3.3.4 DSC studies

DSC profiles for both heating and cooling cycles presented iifrig. 3.4.In good
agreement with the earlier structural observatiomther BIMEVOXes, the parent
as well as the doped compound show noticeable fegssebehaviour in respect of
a<—p transition which increases with[&, 29]. The a—p phase transition is clearly
evident in the undoped as well as in the dopedis@eEcwith x = 0.1 composition.
Upon heating, a strong endothermic peak for thermacompound is obtained at
temperature 448C having enthalpy value of 8.37 J/g. Similar pesklso observed
for sample with x = 0.1 composition at the same perature but with a lower
enthalpy value of 6.03 J/g indicating the beginnafgsuppression o6—f phase
transition. In cooling cycle the corresponding Eeéxothermic) shift to 380C and
340 °C with respect to the compositions x=0 and x=0.%peetively. Weak
endothermic peaks around 440 corresponding to the compositions x= 0.3 and 0.4
with enthalpy values 1.35 J/g and 1.01 J/g are@lbserved in the DSC plot. Another

1 @x=0
04
% 44— Cooling
O Heating
)]
0 .
-3
-4 T T T T T T T T T T T T T
200 250 300 350 400 450 500 550
T(C)

Fig. 3.4 (a):DSC profiles of BjV,0:; compound.
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Fig. 3.4 (b): DSC profiles of Bi4LixV20:15 (x= 0.1) compound.
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Fig. 3.4 (c):DSC profiles of Bj.4LixV20115 (x = 0.3) compound.
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Fig. 3.4 (d): DSC profiles of Bj4LixV20115 (X= 0.4) compound.

endothermic peak is also visible at 550 °C for gagent compound which is an
unambiguous evidence df—y phase transition. With the increase of dopant
concentration, the peaks move towards the lowerpéeature with decreasing
enthalpy values reveal the suppressionoeff phase change. No evidence of
polymorph at room temperature has been found ®etitire samples of the series of

compound.

3.3.5 AC impedance and conductivity analysis

The complex impedance plots of4BLi« V20115 System Fig. 3.5 are similar to those
observed for most BIMEVOX es which exhibit two seirgular arcs at temperature
below ~ 450°C together with a low frequency spik€ig. 3.5 (a) shows the
impedance plane plot for the series of compoun@9@tC. It has been observed that
the overall impedance data at low temperature (&)0can be represented by two
semicircular arcs along with an inclined spike. Tigh and intermediate frequency

arcs of the semicircle represent the grain inteaiod grain boundary contributions,
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respectively. The total sample resistance at diffetemperatures was determined

from the intersection point of the semicircular af¢he spectrum at the real axis.
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Fig. 3.5: (9 Cole-Cole plot of BixLi,V20:115(0< x< 0.4) at 300C.

The grain boundary resistivity at 308 has been evaluated by using the geometrical

parameters of the respective samples via relatid®p3L, where S is the surface area

and L is the thickness of the pellet. Though, thethod of evaluation is not accurate

as the actual grain boundary resistivity can od\calculated by considering the grain

morphology, it may be accepted for the sake of compn.The values of grain

boundary resistivitypy,) for different compositions (x) at 30€ have been shown in

Fig. 3.5 (b) It is evident from thdigure that the grain boundary resistivity of the

compounds increases with the increase of dopartecration at 300C which is

supported by the presence of pores in the SEM wpiaphs of the respective

specimens.
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Fig.3.5 (b} Grain boundary resistivityp} vs. composition (x) of BixLixV20115 (0 <
x < 0.4) at 300C.

Fig. 3.5 (c)shows the impedance plane plot for the series wipoainds at 500C. It
has been observed that at higher temperatures€abb00°C), the contribution from
grain boundary become negligible in all the compsu(both undoped and doped). It
is clear as the two semicircles merge to a singtet@yether with a prominent low
frequency inclined spike. The low frequency spikelined to the horizontal is the
manifestation of electrode polarization and sugtest the compound is primarily an
ionic conductor[1, 14, 16- 17].At higher temperatures, the bulk resistivity of the
undoped compound is much higher than the doped congs. The resistivity of the
doped specimens decreases gradually till x = 08B again increases for x = 0.4
composition. However, the resistivity of x= 0.4stdl higher than the both undoped

and the doped compound with composition x = 0.1.
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Fig. 3.5(c): Cole-Cole plot of BjyLi V20115 (0< x< 0.4) at 500C.

The Arrhenius plots depicting the conductivity bébar of BisyLixV20115 (0< X <
0.4) series of compounds has been shown irFipe3.6 The conductivity plots for
the compound with compositions x=0 and x=0.1 shioeé linear regions associated
with the three principal polymorphs, B andy. On the other hand} polymorph
appears to be partially stabilized with compos#iorr0.2 to x=0.4 and exhibits less
linearity in the conductivity plot. This behavioaf the system agrees well with the
findings of DSC measurements. It has been obsehatdor the compositions x=0.2
— 0.4, there appears a noticeable increase irldpe sf the conductivity curve around
470 °C. This change might be assumed as the initiatfamansition to they-phase.
One more noticeable feature in the conductivityt dothe appearance of peaks for
lower level of substitutions (up to x=0.3) in therperature range 40C to 500°C
with a trend of shifting towards the lower tempera region which is a general
property of BIMEVOXes for lower level of substitatis [30]. As shown in the
Fig.3.6, the conductivity behaviour observed in the Arihenplots can usually be
sorting out into three regions, (a) low temperatuegion (up to 380°C), (b)
intermediate temperature region (380D to 470°C), and (c) high temperature region

(above 500°C). In low temperature range, the conductivity lné tompounds with
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compositions range x = 0.1 to 0.3 is higher thaam uhdoped compound S,0;3,

whereas the conductivity of the compositions x36 Kss than the parent compound.
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Fig. 3.6: Arrhenius plots of BiyLixV20115 (0< x < 0.4) series of compounds.

However, the conductivity of this specimen (x=0s4also found to be higher than the
parent compound above 34Q. In the low temperature regime, one could als®@ no
that there is gradual decrease in the conductivitigh increasing doping
concentration.The sintering temperature of the compound decreas#ls the
increasing Li content (already tabulatecchrapter 1), thus, it might be expected that
there would be an increase in grain boundary dmumion with increasing dopant
concentration and is evident frofiig. 3.5(b) which depicts the plot for grain
boundary resistivity versus composition (x). Therdase in ionic conductivity with
increasing Li-content is, therefore, result of gesing grain boundary contribution.

Moreover, there is correlation between crystalsige and the low temperature
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conductivity of these specimens. In the low tempeearegion, the conductivity
decreases with the increasing crystallite sizetarchighest conductivity is observed
for lowest crystallite size (for x = 0.1). For x021, there is a systematic decrease of
conductivity with the increase of crystallite siZéuch type of ionic conductivity
dependence on crystallite size was also reportedtfeer BIMEVOXes[31-32] In
the intermediate temperature range between°88@ 470°C, the conductivities of
all the doped specimens are found to be remarkaidper than the undoped
compound. In this range of temperature, the loveest highest conductivities are
observed for the compounds with compositions xEdhd x = 0.3, respectively. In
the intermediate range of temperature, the higbesductivity (1.6 x 13 S cni') is
obtained for x = 0.3 at 430C which is one order higher than the parent comgoun
Above 500°C, all the doped compounds exhibit higher ionicdranivity than the
undoped compound. In the higher temperature reglea the highest and lowest
conductivities are obtained for compositions x 8 &nd x = 0.1 respectively. Thus
the trend of conductivity remain unchanged in db#aregions i.e., in intermediate as
well as in high temperature region. The significentrease of ionic conductivity for
the substituted phases as compared to the paremgocmd might be correlated with
the increasing oxygen vacancies created by aliavalgbstitution (L) [1, 33]. At
lower level of substitution (x = 0.1), there eXssser number of vacancies and hence
exhibited lower conductivity. At higher temperatsirevith the increase of substitution
level more and more vacancies are generated. Asudt,rthe conductivity gradually
increases and reaches maximum for x = 0.3. Ontther dand, the decrease of ionic
conductivity for x=0.4 composition with increasingygen vacancy (Li content) can

be explained as a result of defect pair formaddn

3.4 Conclusion

1. X-ray diffraction and DSC measurements on timepes reveal partial suppression

of B-polymorph in the substitution range>0.2 at room temperature.
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2. The SEM micrographs show uniformly distributedliwgrown grains with good
grain to grain connectivity. The interwoven wavytwerk observed in the samples
signifies ferroelectricity.

3. DSC profiles for both the parent as well asdbped compound show noticeable

hysteresis behaviour.

4. In the intermediate and high temperature redio@,conductivity of all the doped

specimens is higher than the parent compound.

5. The highest conductivity (1.6 x $® cm') with respect to the parent compound is
obtained for x = 0.3 at 43(C.

6. The higher ionic conductivity observed in dogadhples with respect to the parent
compound can be correlated with the creation ofegxcoxygen ion vacancies
generated by aliovalent substitution.
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