CHAPTER -l

Experimental Techniques

A theory is something nobody believes, exceptehgop who made it. An experiment
is something everybody believes, except the pevhormade it.

Albert Einstein
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2.1 Introduction

The methods of preparation of samples from raw naseand characterization
techniques are discussed in this chapter. The pgrepef electrochemical materials
such as conductivity are highly dependent on sywighiechniques. The factors such
as particle sizes, impurity content as well as dgnsan vary a lot for different
synthetic procedure and as a result affect thetreldwemical properties of the
substances. Brief details on the necessary heatmest for the synthesis of
compounds and thereafter preparation of pellet® Heeen discussed. The prepared
samples after sintering have been characterizegabigus techniques such as X-ray
diffraction (XRD), scanning electron microscopy @) differential scanning
calorimetry (DSC), Fourier transformed infrared gpescopy (FTIR) and complex
impedance spectroscopy. For impedance spectroscopasurements, the pellets

were coated with conducting silver paste.

2.2 Synthesis

The electrochemical properties such as conductofityxide ion conducting ceramic
materials are highly dependent on the method othggis. A lot of variation in

particle sizes, impurity content as well as densitya sample can occur during
different process of synthesis and might becomectiiecal factors that affect the
properties such as conductivity. Therefore, in prieobtain the desired materials

proper method of synthesis should be chosen.

The samples were synthesized by using conventswial state reaction technique.

The flow sheet of the experimental procedure adbtgiven inFig. 2.1

43



Chapter — 11 Expmental Techniques

Ingredients of metal oxide/metal
carbonates

) 4

"Mixing in methanol environment
using agate morter

I Grinding ]

Pelletization and
sintering

Fig.2.1: Flow chart depicting various steps of conventiddalid State Reaction

Technique.

2.2.1 Calcination

In order to obtain required microstructures and pproreaction between the

constituents of the compositions, the raw powdeesewusually subjected to heat

treatment at certain temperatures with controlledc@dures. The changes taking

place in the process of firing could be quite cagmplvhich depends on the various

parameters such as temperatures and atmosphemsgllyUtwo terms are used to

represent this heating process: calcination andersmg. Generally, the term

calcination is used to the thermal treatment poagplied to raw materials which

causes a thermal decomposition, phase transitrargnaoval of a volatile substances
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present within the composition. Usually the caltiora process is carried out at

temperatures below the melting point of the resgltomposition.

2.2.2 Sintering

Sintering is a heat treatment process in which mpaxt powder is heated to an
appropriate temperature just below the melting poirthe material. During sintering
the powder does not melt; instead the process laf state atomic diffusion takes
place and there by leads to joining the particted r@duce the porosity and as a result
giving rise to higher densities.

2.2.3 Sample preparation

Conventional solid state reactions technique weeslio synthesize the compositions
Bi4V2011 and BixMV, O115 (M=Li, Ca, Ba) from appropriate amounts of,Bj
(99%, Loba chemie), 305 (99%, Loba chemie), kCO; (99.99%, Loba chemie),
CaCQ (98.5%, Merck) and BaC{(99%, Merck). The composition selected for all
the above mentioned systems were x=0.1, x=0.2,3xafd x=0.4. The details of the
preparation of compositions from the constituent/igers and different heat treatment
cycles are given iffable 2.1

Table.2.1: The samples with ingredients and their correspanteat treatment.

Calcination Temperature,| Sintering

Time CC, hour) Temperature, Time
Compositions Ingredients [ T (°C, hour)
BisV2011 Bi,O3 V.05 | 600, 12 700, 12 850, 12
BisxLi xV20115 | Bi2O3 V205 | 500, 12 600, 12 700, 12 (x=0.1)
(x=0-0.4) Li,COs 675, 12 (x=0.2-0.3
Bi4_x CaXV20115 Bi203, V205’ 600, 12 700, 12 800,12
(x=0-0.4) CaCQ
Bi4_x BE\,(VzOll.(s Bi203, V205’ 600, 12 700, 12 800,12
(x=0-0.4) BaCG;
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By taking stoichiometric amounts of constituent ox/carbonatedor each of the
systems, thenixture of the starting powders was well mixed iathanol environmer
and continuouslground for 12 hou (manually)using an agate mor. This length
of time was required to achieve fully homogenoustuare of powders and f
facilitate good reactionsetween the oxide/carbonate powdeérke ground mixtur:
obtained was then fired in a muffle furnace at terafure 50°C-600°C for 12 hours.
To ensure complete reaction and avoid any largaggation, the resulting mixtu
was again ground for B-hoursand then heat treated at 66700°C for 12 hours ir

air. The details of the heat treatment appliechéosamples are explainedFig. 2.1.
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Fig.2.2: Details of the various steps of heat treatn

The calcined powders were crushed acfor 3-4 hoursand mixed with polyviny
butryal (PVA) which acts as binder arreduce thebrittleness of the pelle. The
mixture was then pelletizeby applying a presure of ~7 tons usindie-punch in a
hydraulic pressAfter waiting for -2 minutes, thepressure was releas and the
compacted pelletvas ejected ot The dimensions of the pelletgere of aboul2-13
mm in diameter and 2-mm in thicknes. The pellets obtained after compaction w
sintered atifferent temperatures (as depictedTable 2.1) for 12 hours in air in .

calibrated resistance heating furnaTo optimize the processing condits for
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achieving better properties, the samples were reidteat different sintering

temperatures (675-85C) depending upon their melting point.
2.3 Sample characterization

Characterization is the vital part of the studyaoparticular solid electrolyte which
enables a better understanding of the differenympofphism possessed by the
compound, evaluation of the structure, conductivitgasurement and correlation
between structure and conductivity. In order toestigate the above parameters, the
sintered samples were characterized using X-rafradtfon (XRD), differential
scanning calorimetry (DSC), scanning electron nscopy (SEM) and conductivity,
fourier transformed infrared spectroscopy (FTIR).heT details of these
characterization techniques are discussed below:

2.3.1 X-ray diffraction

X-ray powder diffraction is a convenient and powetbol for materials investigation
and is used for the determination of crystal strrectand examining purities. In a
crystalline/polycrystalline material, the crysta#i atoms cause a beam of X-rays to
diffract into many specific directions and the stural information is obtained from
the study of the diffraction pattern. Lattice paeders were calculated with the help

of the diffractogram obtained for each sample uslirapg’s law as described below:

Bragg’s Law is the simple and straightforward waydescribe x-ray diffraction. It
treats one layer of atoms in crystal as a planetl@dmallest unit to diffract incident
light. If there is no phase difference between the emeiggn AR and CSKig.2.3),
the following equation must be satisfied:

2d sinf = nA (2.1)
Whered is the distance between adjacent atom plathesthe incident angle andis
the wavelength of the light. For a given set ofnpks several solutions of Bragg’s
Law are usually possible, for n = 1, 2, 3, etgs Itustomary to set= 1 since fom =
2, thed-spacing is instead halved by doubling up the nunob@lanes in the set @2
sind = 2\ equals 24/ 2) sirh =1 ), sonis kept equal to 11}F2].
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Fig. 2.3: lllustration of Bragg’s law.

The X-ray powdediffraction data of the samples were recorat room temperatul
by RIGAKU (Model, Miniflex) using Cuk; radiation(A=1.5418 A in 1C° to 70 20

range at a scan speeddof’ per minute.

2.3.2. Fourier ransformed infrared spectroscopy (FTIR)

Infrared (IR) spectroscopy is one of the most comrspectroscopic techniques u
by organic andinorganic chemists. Simply, it is the absorptionasw@ement ¢
different IR frequencies by a sam positioned in the path of an IR beam. The n
goal of IR spectroscopic analysis is to determive chemical functional groups in tl
sample. Different functional groups absorb charastte frequencie of IR radiation.
Using various samplingccessories, IR spectrometers can accept a widge raf
sampletypes such as gases, liquids, and so

An infrared spectrum represents a fingerprint o$aanple with absorption pea
which correspond to the frequencies of vibrations betwenbonds f the atoms
making up the materiaBecause each different material is a unique contibimapf
atoms, no two compounds produce exact same infrared spectrum. Theref
infrared spectroscopy can result in a posiidentification (qualitative analysi: of
every different kind of materi [3-4]. In addition, the size of the peaks in
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spectrum is a direct indication of ttamountof material present. With mode
software algorithmsinfrared is an excellent tool for quantitative aisé The block

diagram of a simple IR spectrometer is showFig. 2.5.
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Fig. 2.4:Block diagran of a simple spectromete3]|
The normal instrumental proceof a simple IR spectrometer is discus as follows:

1. The Source:Infrared energy is emitted frc a glowing blackbody source. The |
beam passatirough an aperture which controls the amount efgysupplied to the

sample (and ultimatelyp the detector

2. The Interferometer: The beanthenenters the interferometer where the “spe«

encoding” takes place. The resulting interferogram signal then sexihe

interferometer.
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3. The Sample:The beam enters the sample compartment wheretiamsmitted
through or reflected off of the surface of the seangdepending on the type of analysis
being accomplished. This is where specific freqiemnof energy, which are uniquely
characteristic of the sample, are absorbed.

4. The Detector: The beam finally passes to the detector for finehsurement. The

detectors used are specially designed to measeisgpttial interferogram signal.

5. The Computer: The measured signal is digitized and sent to tmepcwer where
the Fourier transformation takes place. The finflared spectrum is then presented

to the user for interpretation and any further rpatation.

Because there needs to be a relative scale foaliberption intensity, a background
spectrum must also be measured. This is normaiteasurement with no sample in
the beam. This can be compared to the measurenignthe sample in the beam to
determine the “percent transmittance.” This techaitgsults in a spectrum which has
all of the instrumental characteristics removedud;rall spectral features which are
present are strictly due to the sample. A singleksund measurement can be used
for many sample measurements because this spedfuaoharacteristic of the
instrument itself. Electromagnetic waves used in infrared #pscopy have
frequencies ranging from 1.9x£@o 1.2x16* Hz, corresponding to photon energies
ranging from 0.078 to 0.5eV from the Plank relation

E=hv (2.2)
Whereh is the Planck constant arndhe frequency.

This level of energy is inadequate to excite etettrbut may induce vibrational
excitation of covalently bonded atoms or groupse Trequencies that absorption
happens are closely related to the structure of nlodecules, i.e. atom species,
bonding types and ways of possible vibration (skneig, scissoring, rocking and
twisting). For a typical IR spectrum, studied saesphre exposed to a beam of
infrared light and transmitted light is collectedhiah reveals the absorption of the
samples. From their characteristic absorption feagies, different functional groups
can be quickly identified.
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The vibrations of two covalently bonded atoms cduddsimplified and treated as a

harmonic oscillator with 2 masses (atoms) linkedalspring Fig. 2.5).

s

Fig. 2.5: A harmonic oscillator with two masses.

In this simple model, Hooke’s Law could be usedapproximate and understand

stretching frequencies (equation 2.3),

V= % /k/u (2.3)

Wherek is the force constant for the bondis the reduced mass of A-B systems and
is given by the equation,

— mympg

K= i g @4

ma andmg are the masses of A and B atoms respectively.

In our system (bismuth vanadate), the atomic ma&isonuth is much higher than
Vanadium and gives a greater reduced mass for Biy&lems. Therefore, the
stretching frequencies of the Bi-O bonds are nedfilow (~ 420 crit) with respect
to V-O bond b-6.

The FTIR spectra of the prepared samples werededadn transmittance mode on an

IR Affinity-1 spectrophotometerHg. 2.4) in the wave number region of 4000—-400

cm?.
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IRAffinity-1

Fig. 2.6: Diagram of IR Affinity-1[3]

2.3.3 Scanning electromicroscopy(SEM)

SEM of the samples isarried oL by applying a beam of accelerated electrons w
interact with theconstituentatoms of the sample. The signaisming out of the
specimen carrynformation about the sample’s surface topogragioyposition an
other properties such as electrical conducti

The Electron beamdérmionically emitte from the Electron Gurmre focused by
passing through several condenser lenses to aaspohd 0.-5 nm in diamete.
When the electron beamt®me in contact with the samplepamber of species a
generated whichare collected selectively by using different cdites and by
transforming into signalform the whole ima(. Gold sputtering techniq is used in
case of goorly conductive samg as the small gold particles cover the surface ®

sample andjive a better resolutic.
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2.3.4 Energy-dispersive X-ray spectroscopy (EDS)

Energy-dispersive X-ray spectroscopy (EDS) is agrfw analytical technique used
for the elemental analysis or chemical characteomaof a sample. It relies on the
investigation of interactions between incident ¢jealr particles such as electrons and
the sample. Its characterization capabilities aased on the fundamental principle
that each element has a distinctive atomic straateypresented by unique set of peaks
on its X-ray spectrum7]. At rest, an atom within the sample is in the grogtate
(unexcited) and the discrete energy levels or elacthells are bound to the nucleus.
A high energy incident beam may knock out an edectn an inner shell creating an
electron hole where the electron was. An outertedacfrom a higher energy shell
will fill the hole and release the difference ofeegy between these two shells in the
form of X-ray. The energy differences between tleeteon shells are closely related
with the atomic structure of the element; hence ¢hatted X-rays contain the
information with the help of which the elementahymsition of the specimen could
be found outT].

2.3.5 Differential scanning calorimetry

In the field of solid state science, thermal analys a basic technique that allows to
determine various useful parameters such as phasstion and the corresponding
enthalpy, heat capacity, mass and coefficient efrtial expansion etc. The commonly
used thermal analysis techniques are the thermogeay analysis (TGA),
differential thermal analysis (DTA) and differerdtiacanning calorimetry (DSC).
TGA measures the change of mass as a functiortheréemperature or time where
as the DTA measures the difference in temperatiireetween a sample and an inert
reference material as a function of temperature.ffe@ntial scanning
calorimetry (DSC) is a technique that is closellatexd to DTA which quantitatively
measures the difference in the amount of heat redjuo increase the temperature of
a sample and reference as a function of temperanddime. The term “differential”
signifies the difference between the material unskeildy and an inert reference
material. The temperature of the sample and thexaete continues to be same until
some physical transformations occurs in the samfpligh the sample undergoes a

change in thermal state such as phase transiticer-disorder transitions and
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chemical reactions etc., the temperature of theptamither leads (if the change is
exothermic) or lags behind (if the change is enelatiic) the reference material. The
block diagram representing principle and workingtsk of a DSC 60 is shown in
Fig.2.7.

Heat Flux DSC l Heater _’7

Reference Sample

| Atmosphere
|_| |_| Computer

Control

reference Sample
Thermocouple Thermocouple
Recorder

Fig. 2.7:Block diagram of a DSC 6@].

With the supply of power to the heater, the heafihgck (Heater) attains the
temperature (J) and is controlled according to the preset progreleat flow from
heating block to both the sample and referenceoseeind as a result the sample
temperature J and reference temperature fise or fall in accordance with the
programmed temperaturg.During this process, the difference of the sanspletion
temperature and the reference section temperatlire Ts- T, is recorded. IAT is
plotted against time or the sample temperatyédt Traces a curve and is called the
baseline. If the sample material undergoes a tHeomange such as melting or
crystalline phase transition, the sample tempegateimains fairly constant while the
reference material temperature continues to beasing. Consequently, the value of
AT will deviate from the value before melting. Asosoas the melting completed, a
large amount of heat flows from the heating blackhite sample section to facilitate

quick resume of the equilibrium state axil returns to the baseline.

54



Chapter — 11 Expmental Techniques

The DSC analysis of the samples studied in thiskw@s carried out at a heating rate
of 10°C/min. using DSC 60 (Shimadzu, Japan) in the teatpe range room
temperature to 578C. All the measurements were performed in air aphese by

taking alumina as reference sample.

2.3.6 Electrical characterization:complex impedance measurement

Impedance spectroscopy is a most powerful technidqae characterizing
electrochemical properties of the superionic cotmhscand their interfacq9, 14-19.
Generally, the electrical conductivity is measurediwo ways, i.e. as dc and ac
conductivity (cqc and oy respectively). The dc conductivity gives less amooh
information of the entire dynamic behaviour of tlsample whereas the ac
conductivity provides various information regarditige microscopic naturef the
ionic transport process in the materidl][ Usually, conductivity measurements were
performed by applying d.c. bias across the mateAal a result the ionic current
decreases with time due to the polarization processng place at the
electrode/electrolyte interface of the materialisTgroblem carbe overcome by using
(i) four probe or two reversible electrodes dc teghe and ii) ac technique. As
compared to the ac technique, the dc measuremenisiwech complicated and supply
less information. Therefore, the ac technique hagen tremendous increase in
popularity to investigate the material propertiexhs as bulk conductivity, grain
boundary effect, ionic transport and double lapemfation at the electrode/electrolyte
interfaces, et9, 11].

In recent years, Impedance Spectroscbhay been extensively used to study the ion
transport mechanism in single/polycrystalline anchoghous/glassy fast ion
conducting materials1l] 13. Impedance Spectroscopy (I8an also be called as
Immittance Spectroscopy. The term “Immittance” used for any of the four
quantities complex impedance JZ complex admittance (Y, complex dielectric
permittivity (8*) and complex modulus (WM [9, 13. The presence of different
resistive and capacitive components leads to vargocesses within the materials
and as a result the materials possess differeamtatbdn times. The electrical response
of solid electrolytes can be analyzed by usingdbmplex impedance and complex

admittance plane representations. On the other hhaadcomplex modulus and
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complex permittivity spectra are used to invesggite dielectric response of solid

electrolytes.

Theory
Impedance spectroscopy studies the response stensyo an applied periodic signal
of small amplitude. The measurements are perforaelifferent ac frequencies and
accordingly, the name impedance spectroscopy wagted. The standantheans to
define impedance is the quotient of vector voltagd vector current occurring as a
result of small single sinusoidal measurement. Waenac signais applied to a
system, the impedance of the system obeys Ohm'atamn the time domain the
corresponding expressions for voltage and currdhber[9],

V(t) = Vyexp(jot) (2.5)

And 1(t) = [jexp(jwt — B) &P

The impedance ia complex quantity and possesses both magnitZidand phase

angle(f) andis expressed as,

Z(w) = |Z] exp(—j0) (2.7)
Z(w) = |Z| cos® —j|Z|sinB (2.8)
7r=27—jz7" qp

whereZ’ andZ" represent the real and imaginggrts of complex impedan¢g™).

The complex impedance can also be representee iothter three forms,

Complex impedance Z*=7"—jz7" (210
Complex Admittance Y=Y —jY"=1/2" (2.11)
Complex permittivity e=¢ —je'" =1/jwCyZ” (2.12)
Complex modulus M* =M —jM"=jwCyZ" (2.13)

Where j =V-1, G is the vacuum capacitance and= 2nfis the angular frequency

[9].
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Dielectric permittivity

Dielectric permittivity is a distinctive propertyf short-range electrical conduction of
a material in presence of an applied electric fiéldL6-19].Under the influence of an
external electric field V, the charges within thaterial displace from its normal site
and accumulate at the interface and as a resutedipf moment p= Q5 are formed

wheres is the distance of separation between the change<) is the charge

Q=CV (2.14)
Where C is the capacitance of the dielectric amgivien by,

C = COE/EO 2:(5)
Here G stands for vacuum capacitance and is given §sefd/t, whereg, is the
permittivity of the free space, A is the area afss section and t is the thickness of

the sample.

If the material is subjected to a time varying gdecfield V, the induced charge is

given by,
Q = £"Vyexp (jwt) (2.16)

Where ¢* is the complex dielectric constant and is defiasd

*

ef=¢&—j&" (217

The term ¢’ is the real part of the complex dielectric constamd is called the real or
relative permittivity or dielectric constant and’is the imaginary part or the
dielectric loss. The complex dielectric constahand the complex impedance Z* are

related by the equation$9-21],

. 1
= (2.18)
, 1 z"
£ = [Z,2+Z"2] (2.19)
"o_ 1 YAl
€ = Awe, [ZIZ+Z"2] (2.20)
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Where,w is the angular frequency afy is the capacitance of free space.
And also, tand = €'/ ¢’ (2.21)
Electric modulus

The complex electric modulus Ms defined as the reciprocal of the complex
permittivity €* [9],
M =1/¢&" (22

In terms of complex impedance, it can be reprieseny,

M == =jwC,Z" (2.23)

&* -
M* =M +jM" = joC,(Z' —jZ")
M' = Z"wC, (2.24)
and" = —Z'wC, (2.25)

Complex electric modulus formulism indicates thenayics of the electrical
phenomena or configurations in the structure imdsoinic conductors and describes
the electrical relaxation and microscopic propsrof ionic materials22-23. The
modulus formulism suppresses the polarization effet the electrode electrolyte
interface and gives only the dynamic property ef taterial. The real and imaginary

partsof the modulus argiven by,

, _ R*CCow?

1+ (wCr)’ 48)
wo__ RCO(D

 [1+@CRr)?] (2.27)

Conductivity measurement by AC method

The different methods and techniques for measunmgdance are bridge method (ac
coupled bridge and Lissajous figure), resonant otV method, RF I-V method,
network analysis method, and auto balancing bridgehod P, 24.The most familiar

is the Wheatstone bridge type of apparatus showkignre 2.8 The bridge is
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balanced when the nulletecto voltage (\4) is adjusted to zero and hence the vi
of the unknown impedanceZ, of the sample (Resistance or Capacitance) is bedk

against the variable resistor;) and capacitor (.

|
[ fin
- —()—

V
Lo T Zs

Fig.2.8: Measurement of R and C with Wheatstone bri24]

As shown inFigure 2.9,the electrical response of a polycrystallmaterial can b
described by simple equival circuits consisting of resistors, capacit[9, 25-24.
The bulk, the grain boundaries in the electrolytd ¢&he interface to the electrode
are described each by a simple RC circAs depicted in thé-ig. 2.¢, Rerepresents
the effective resistance for the electrode reacto ( is the double laye
capacitance of the electrode. The termg, Cy and R, Gy correspondo the
resistances of conduction and capacitance betweemgrains and within the grai
[9]. Each RC componel corresponds to a characteristic semicircle whem
frequency as implicit parame increases from right to left. Thatercepts with th
real axis give the resistivities a the apex frequencies yield the capacities of
different components of the equiva circuit [26].

Re Re
_JRW\_
L

Fig. 29: Equivalent circuit with contributions from the gnaj the grai boundaries
and the electrode25%-24.
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Experimental set up for theelectrical characterization

The complex impedance spectroscopic measurememésoagied out by applying
constant voltage at varying frequencies. measurements were carried using the
HIOKI-LCR tester 35350 (made in Japarih the frequency range from 42Hz

5MHz which isinterfaced to a computer. The software controlstlieasurements al
computeghe impedance (Z), phase an¢8), Capacitance (§ and dielectric loss (C
at a time for a gien frequencyA block diagram of the impedance measuremer-

up is shown irFig. 2.1Q

DIELECTRIC CELL

(3as inlet

Hok for the thermo couple
e Circular plate

k for the screw

‘ — 4 Thermo couple

‘ r v Tube for the contact wire with
p Sample

\—’ Circular plate

Fig. 21C: Sample holder for IS measurements.

The temperature controlled heating arrangement #mel sample holder

indigenously developed in our laboratc The specimen placed inside the furn:
(operating upto100C) with the help of the sample holdeA chrome-alumel
thermocouple is attached very close to the se so as to measure exact tempera
of the specimenThermotech 4000itemperature controller wassed to control an
/or read the temperature. Electrical measurementh@specimen were performe

the temperature from R&E0°C in air.
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