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Abstract: Polymer electrolytes as nanostructured materials are very attractive components
for batteries and optelectonic devices. (PEQ@INnCl, polymer electrolytes were prepared
from PEO and ZnGl The nanocomposites (PE&ZhCL/TiO, themselves contained TiO
nangrains. In this work, the influence of the Li@anograin®nthe morphology and ionic
conductivity of the nanocomposite was systematically studied by transmissiorasgiall
X-ray scattering (SAXS) simultaneously recorded with wadgle Xray diffraction
(WAXD) and differential scanning calorimetry (DSC) at the synchrotron ELETTRA. Films
containing nanosized grains of titanium dioxide (Jji@re widely used in the research of
optical and photovoltaic devices. The Fifims, prepare by chemical vapor d@osition

and ebeam epitaxywere annealed in hydrogen atmospheres in the temperature range
between 2@ and 900 € in order to study anatasruitile phase transition at 740. Also,
grazingincidence small angle-Xay scattering (GISAXS) spectra for eati®, film were
measured in reflection geometry at different grazing incident angles. Envirailpent
friendly galvanic cellsas well as solar cells of the second generadomto be constructed

with TiO; film as working electrodeand nanocomposite pwher as electrolyte.


mailto:dubcek@irb.hr
mailto:juraic@irb.hr
mailto:drasner@irb.hr
mailto:bernstorff@elettra.trieste.it
mailto:turkovic@irb.hr

Materials201Q 3 498(

Keywords: polymer electrolytes; solar cells; nanoparticles sTi@anostuctured films;
GISAXS; SAXS/DSC/WAXD

1. Introduction

In order to study nanocomposite polymer electrolytes and nanophaseebrid¢afiims on glass
substratesuitable techniques have been applied to obtain accurate measurements of the structure on a
atomic as well as on a mediynmmange scale. Smadingle Xray scattering (SAXS) experiments
generally fulfill these requirements; irradiate a sample withays, measure the resulting scattering
pattern, then determine the structure that caused the observed pattern. Scattering patterns are caused
the interference of secondaryriy waves that are emitted from electrons, when irradiated. Scattering
of X-rays is @aused by differences in electron density. Since the larger the diffraction #rayle
smaller the length scale probed, wide angteaX diffraction (WAXD) is used to determine crystal
structure on the atomic length scale while SAXS is used to exploréus&rwn the nanometer scale.

SAXS experiments are suitable to determine the microstructure of nanocomposite polymer
electrolyte. Solid electrolyte poly(ethylene oxide) (PEO) is one of the most extensively studied
systems due to its relatively low meltingipt and glass transition temperature Ttg ability to play
host to varied metal salt systems at a range of concentradiotido act as a binder for other phases.
For these reasons PEO has been the basis of many investigations in the area basedste<ofrp
polymer and an insulating ceramic. Polymeric complexes of (PEO)n withh Ba@ been used, due to
their stability and very high conductivitgs compared to other complexes 4L, The mechanical
properties of amorphous PHSased electrolytes epoor and attempts to improve these have included
the addition of inert filler. We intended to improve the electrical conductivity of the polymer
electrolyte (PEQENCI, by introducing TiQ nanoparticlesd]. Since a polymer is a composite of an
amorphousand a crystalline part, and conductivity occur the amorphous part, this treatment was
directed towards the inhibition of the crystalline phase in the polymer matrix.

Films containing nanosized grains of titanium dioxide ¢)i@e widely used in theesearch of
mainly optical, photovoltaic, photo chromic and electro chromic devices. Bedigesothe size and
structure of the grains, their specific applications are also determined by their porosity. In most cases
there is a desirable degree mfrosity which leaves the outer and inner surface of the film large
enough. These morphological characteristics of,Tilths depend on the method of preparatibut
also on the subsequent processing of the material. Specifically, during the thermhhgratdagher
temperatureghe changes in porosity and grain size, but also in the grain struekeeglace, because
TiO, exists in three different phases (anatase, rutile and brookite) which are stable at different
temperatures. Furthermore, the asploere during annealing can influence the stoichiometry of TiO

The aim of the present investigatiovas to study thestructural and calorimetribehavior of
(PEOXZnCl, electrolyte, whth was preared asa nanocomposite using 10% of nanosized Degussa
P-25 TiO,. The morphology of th@anocompositéilms wasalsostudiedby optical microscop. The
ionic conductivity was measuradth a custommadeimpedare meterThe results of both methods
are presented and comparedhittiose obtainedoy simultaneou$SAXS/DSC/WAXD measurements
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in order to explairthe nanostructure behavior during the phase transition of polymer electrolyte to the
super ionicphase above ~66. The introduction of TiQ nanograins and the subsequent irradiation
wi t-tays of 309 KGy wa performed with the intention to decrease the phase transition temperature
and to increase the conductivity of the polymer electrolyte, in order to obtain properties which would be
preferable for using this nanocomposite as electrolyte in the constratcgatvanic or solacells[4-7].

In order to determinevolution ofthe grain size and specific surface area of,Ti@n films on
glass substrateduring the phase transition from anatase to rutile phase & 74@ have performed
GISAXS measurementsTwo different preparationsf the TiQ, flmsd obtained bychemical vapor
deposition(CVD) and ebeam epitaxy were studied in order to obtain the best parameters for the
grain sizes and porositior the construction ogfficient dyesensitized solar cellbased on TiQ
working electrode$,7].

2. Experimental Section

The polymersalt complex was prepared by dissolving Zg&h. Merck) and poly(ethylene oxide)
(Laboratory reagent, BDH Chemicals Lt&oole England, Polyox WSF01, MW = 4 x 10°. Prod
29740), in 500 ethanolwater solution in stoichiometric proportions. The preparation was performed
by stirring nanometer sized grains of T{Degussa P25) into solution, so that the content ofW&3
10 weight percentage. The polynsait complex solutin was then poured onto a Teflon plate and
allowed to dry in air. The film was evacuated t6®Iibar for a few days to allow traces of the solvent
to evaporate. In order to protect the film from moisture in the air during longer periods, it was stored in
desiccators filled with silica gel.

Simultaneous SAXS, WAXD and DSC measurements were performed at the Austrian SAXS
beamline at ta synchrotron ELETTRA, Trieste [8 The photon energy of 8 keV was used, and the
size of the incident photon beam on the glEnwas 0.1x 5 mm (hx w). For each sample, SAXS and
WAXD patterns were measured simultaneously in transmission setup using two 1D single photon
counting gadetectors. Sampt®-SAXS detector distance was 1.75 m, corresponding toaage of
0.0070.32A™. The WAXD detector covered aspacing range of 0.32.94 nm.

The scattering wave vector s equals s i redy// a& = wih the seatte2indy angle and
2=0.154 nm the used wavelength. The method of interpreting the SAXS scattering data is based on
the analysis of the scattering curve, which shows the dependence of the scattering intensity, I, on the
scattering wave vecter

The inline micro-calorimeer built by Ollivon et al [9] was used to measure simultaneously
SAXS/WAXD andhigh sensitivity L5C from the same sample. The DSC phase transition temperature
was determined at the intersection of the tangent to the peak dpastime. The heating and cooling
cycles were performed at controlled rates of ¥ €/min. Thig recording of one heatirgooling
cycle took 320 min to cover the ramp @0Y 1 0AC Y X0,

Thin films of TiO, have been prepared by two different methods. One set of SE@ples \as
prepared by deam epitaxyof titanium dioxide onto glass substrates. The deposition was done in a
Varian 3117 evaporator under pressure of X3% > mbar. The second way of obtaining Fifims
was by theCVD method from commercial (Merck) Tigllt was deposited on the glassdaguartz
support at 200 € in a homemade apparatus.
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Grazingincidence smallngle Xray scattering (GISAXS) spectra for each Ti@im were
measured in reflection geometry at eight different grazing incidence anglbs dase, the path of the
X-ray thiough the film is much longer than for standard transmission geometry. GISAXS intensity
curves were obtained from the pattern recorded by adtmensional chargeoupled device (CCD)
detector from Photonic Science (with image sizes of 202024 pixels).The samples were mounted
on a steppemotor controlled tilting stage with a step resolution of 0.000he camera length of the
setup was 2 m. For the angulargeale) calibration of the camera,-tatl tendon was used. The data
were stored in 12 BITIFF format. Afterwards the GISAXS images were analyzed using the IGOR
software from WaveMetrics.

The morphology of the polyelectrolyte and nanocomposite films was studied using a Leitz
Orthoplan optical microscope. The magnification wag;a@blarized ligh was used.

Impedance measurements were performed with an impedance meter, built in our laborétery, in
frequencyrange from 0.1 Hz to 3 MHz. The impedance spectra were collected at a potential of 300 mV.

3. Reaults and Discussion
3.1.SAXS orNanostructured Materials

Nanostructured materialgichasnanophased filmand nanocomposites such as (PEZOCL/TiO-,
can be considered as aggregates containing nanoparticles or nanot@dibs [n this case, the
SAXS is caused by the difference @leéctron density within and around the nanoparticlesadJtie
Guinier approximation [1J@ the scattering in the very small angle range is of Gaussian form,
independent of the shape of the present paréictee sizes can be readily detened. The Porod
approximation[17] is suitable to determine the specific surface area of nanostructured thin films. At
high intensity synchrotron light sourgeke scattered intensity is high enough that we can apply both
approximations and obtain all relevant parameters.

In this section the outline of calculations in Guinier approximation is given for (REGJL.
Previously it was successfully applied on a number of metal oxides such asCeQ V:0s and
Ce/Sn, V/Ce mixed oxides film$[7,10-12,14,15].

Figure 1represents the data for (PEE)CLat room temperature (25 €), in bg(l) vs. f($),
s= 2d/a; plot as a tesais towhether one can apply the above mentioned Guinier law:

I(s) = (Ap)?exp'Rs s*/2) (1)

for small s. The "average particle radii" can be estimated from the radius of gyration Rg in the Guinier
formula. They were calculated from the slopes in the linear fiogfl) vs. f($), (rad). Fromthese
fitting lines we have obtained Rg and averagéi@ea radius R using R= (5/3jRg (for spherical shape).

For WAXD the diameter of the nanocrystalline grains is obtainechbyDiebyeScherer equation:

_ 091/
b cos@) @

where & is the waverayebragntdnd of st heaei hal demwti dXh
(FWHM) of the WAXD line.
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Figure 1. Linear fit: y = 4i 137 to log (l) =f(s) for SAXS data for (PEQInCl, at
roomtemperature.
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3.2.SAXS/DSC/WAXD éfolymer ElectrolytedNanocompositesf (PEO}ZnCh

Figure 2 showshe results from the simultaneous SAXS, DSC and WAXD measurements in the
temperature range from 2D to 100 € to 20 € at rate of %2 °C/min on the polymer electrolytes:
(PEO)YZnCkL, (PEOYZnCL/TiO,, (PEO)2ZnClL irradiated with a dose of 309 KGy and
(PEO)XZNnCL/TiO: + 309 KGy (denoted as A, B, C and i@spectively). The evolution of the average
radii of grain sizes obtained by applying equation (1) is compared to the corresponding DSC and
WAXD spectra behavior. The hysteresis is present in the heatitigg cycle.

In Figure 2 graph A shows the results from the measurements in the temperature range ©om 20
to 100€ to 20 € at arate of %2°C/min on polymer electrolyte (PE&ZNCL. The intensity close ta |
(for s=0) falls at 68.3€C indicating the phase transition temperature in the heating cycle. The phase
transition temperature in the cooling cycle is at 47 .@ue to hysteresis. The average radius of grains
varies from 4.0 nm to 4.4 nm in the region below the phase transition temperature ratficbrine
3.5 nmto 2.6 nm in the highly conductive phase. The cooling cycle in the SAXS data shows a change
of grain sizes in the range from 2.6 nm to 1.9 nm. SAXS measurements fors{RERTIO:
(Figure2B), result in changes of grain sizes from 4.63t@ nm the third sample (PE&nCl
irradiated with a dose of 309 KG¥igure Z), registers changes from 3.3 to 0.7 nm and during the
fourth run for the sample (PE@NCl/ TiO:. + 309 KGy fFigure D), grain sizes change from 4.4 to
2.7 nm. From these wean generally conclude that the average grain sizes in all four samples
remained in the same range from 0.7 to 4.6 nm.

In a lamellar picture of PEO [18jhese grain sizes would correspond to the lamellae LP2 with no
integrally folded (NIF) chains [19] cdnmed with salt and Ti©
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Figure 2. SAXS, DSC and WAXD results for samples A, B, C and D.
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The SAXS, WAXD and DSC data show a hystereses, phase transition temperature in the
cooling cycle is much lower than 5. This temperature is the meltintemperature of the PEO
crystallites i.e., spherulites [2D In the case of the nanocomposite polymer electrolyte, combined
forms of PEO and Zngl or both in combination with TiQ crystallites, influence the melting
temperature. The combined WAXD, SAXB8d&DCS results are summarized in Table 1.

Figure 3 show optical microscope pictures for samples A, B, C and D, taken by a Leitz orthoplan
optical microscope in polarized light and with magnificatiorR@%. These pictures are taken at room
temperature and are presentezteto visually support the SAXS/DSC/WAXD data éfigure 2. In
optical micrographs of unirradiated (PE2)C, film (Figure3A), spherulites that are impeding?Zn
ion-based conductivityare clearly visible. Addition of Ti@nanograins reduced the crystallinisuch
thatin nanocompositepreparedrom unirradiated PEO, the spherulites are very sniadjure B). In
the course of crosslinking polymer chains, the space for spherulite giowgducedthusin films
prepared fronirradiated PEO, these organized structures are reduced€rg). In the nanocomposite
(PEO)ZnCL/TiO:prepared from irradiated REspherulites are not visibl&igure 3D).
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Table 1.Changes of average grain ia&lR (nm) calculated by (1), RD/2 as determined
from (2) and phase transition temperatures t (in €) in (PZ0CIL/TiO, nanocomposite,
polyelectrolyte during heating and cooling with rate of @&niin as determined by
SAXS/WAXD/DSC measurements

Heating
Sample SAXS WAXD DSC
t (T) R (nm) t (T) R (nm) t (C)
4.04.4 _ _
A 68.3 ) 68.9;82.2 341 45; 95 96 65.3
3.52.6
4.614.5 )
B 68.7 ) 68.9 35147 65.0
3.83.9
2.4 3.3 . }
C 62.5 ) 63.0; 75.5 45/ 51; 8282 59.0
1.770.8
42144 .
D 634 ) 63.4; 74.7 451 58; 109111 58.4
3.66)3.0
Cooling
Sample SAXS WAXD DSC
t(€) R (nm) t (€) R (nm) t(€)
2.612.0 3
A 47.6 . 30.3;87.0 57161; 68 85 56.2
2.01.9
3.713.65 3
B 49.2 . 35.0 50i 102 44.6
3.65 3.7
0.7-1.5 _
C 42.2 . 43.0; 85.6 45145; 109111 46.6
0.80.7
29128 . !
D 288 ) 376;85.1 54162; 66 111 464
2127

Legend : A = (PEO)ZnCh, B = (PEOMNCL/TiO, C = (PEO}ZnCl, + 309 KGy,
D = (PEO)ZNnCL/TiO, + 309 KGy

In our previous measurements by impedance/admittance spectrogoenigrmed with Zn
nonblocking electrodes [3a st eep i ncrease of ionic conduc
proportional to the irradiation dos@as observed. The transition temperature to the superionic phase
that occurs due to melting of spherulitbscreasesThe conductivity of polymerlectrolyte prepared
by irradiation crosslinking of PEO using 309 KGy was the largest. Nanocomposite polymer
electrolytes were easy to handle and formed a compact film as opposieel goor mechanical
properties of polymer electrolyte prepared with irrgetlaPEO. The nanocomposite prepahemm
irradiated PEO exhibitednorder of magnitude higher room temperature conductivity ans-aorder
of magnitudehigherconductivity at the transition temperature than the corresponding polyelectrolyte
film without TiO, as shown irFigure4.

The combination of the SAXS/DSC/WAXD methods reveals the nature of the physical
transformation of the polymer electrolyte into a super ionic conductor. The nanocomposite crystalline
and amorphous polymer matrix tgrinto an anerphous highly conductive phas&hereagreviousy,
usingmeasurements with faster rates GiCImin, 3°C/min and 5°C/min [21], WAXD exhibitedlines
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and thus crystalline grains only in the low temperature crystalline phaseswitkréhe slower rate
measurements of ¥Y£/min, crystalline linesalso exist at higher temperaturg82.2 °Ci 100°C and
100°Ci 87 °C, heating and cooling nesctively, for sample A)Small intensity peaks at higher
temperatures in WAXD, which are slightly shifteddicae crystallinity of combined PEO/Zn&ind

PEO structures in a liquid like amorphous phase [2,22].The exception of this is sample B, which is
nanocompositeand has a completely amorphous WAXD phase at high temperature. The different
morphology betwee treatments by irradiatipmnd by introducing Tiehanograinscan be observed in
Figure 3.As can be seen in Figure 4etcrystalline forms in the high temperature phase increase the
conductivity as a difference in the conductivity betweanocomposite and irradiated polyrakctrolyte.

Figure 3. Optical microscopypictures for samples A, B, C and D walmagnification of
20x at room temperature [20].

Figure4. Pl ot o0¥Ys | D@0 Gifapiatédamd nanocomposite polymer aiggte [3].
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Theinfluence ofmorphologyon the conductivity othe nanocomposite could be explainieygthe
effect of confinement on polymer mobilit23]. Dispersion of polymer nanospheres in a medigd [
or of nanoparticles in polymer matrice®s], are examplesof confinementof polymer chains. The
behavior of polymer fluids iarestricted space can be very different from in bulk, especially when the
molecules are confined to dimensions comparable to their sizes. The equivalence in the behavior
between polymer nanocomposites and thin polymer films has recently been quantitatively verified for
silica/polystyrene nanocomposité&g]. In our case Ti@nanograins are forming confinement for PEO
chains. The higher the percentage of confined PEO, the faster is the ion mobility. This should be
related to the noncrystalline structure of the confined PEO. Also, the interactions of the anion with
nanograinsesult in increased mobility of the catio27]. In the irradiated polymer electrolyte, PEO
could crystallize at highgemperatures, as there is no T@nfinment to prevent it.

SAXS shows the existence of nanograins in both the low and high tempeigttase in all samples.
At the phase transition temperatuttee grain size changeis becomes smaller at higher temperatures.
The nature of the nanograins as seen by SAXS is not just the pure crystalline, but also the partly
amorphous form, while WAXD recds only pure crystalline nanograins. Thus the picture of the
highly conductive phase consists of a completely amorphous or-ligaigholymer matrix, which is
known to be suitable for ieoonduction by elastic movement of PEO chains, and of crystalline
PEO/ZnCh and PEO structures [2lvhich could also contribute to Zrion conduction by a hopping
mechanism. Small intensity peaks at high temperattgesrded byWAXD for nonirradiated and
irradiated polymer electrolyte support tidea of a liquidlike phase with crystalline nanograins
between which hopping could occur. Nanocompsséghibit high conductivity by PEO chains
confinement mechanism. Under proper circumstances, the presencetraingport pathways can be
as important as the polymer segmémnation [28,29].

3.3. GISAXS of TiNanophased Films Obtaindy CVD ande-Beam Bpitaxy

TiO, thin film on a glass substrate can be considered as an aggregate containimgrioSize
grains and nanosize porel{15]. In this case, SAXS is caused by thference of electron density
within and around the nanosize grains.ngsthe Guinier approximation [},6the grain size can be
readily determined. The limiting angl@m of the smalangle diffuse scattering is approximately
Qm=a/ 2D, w h e rlaggesDgrain slianterh Bhe Porod approximation [[Ls suitablefor
determinng the specific surface area of nanosized thin films. In our previous measureh@ngh
a laboratory Xray sourcethe intensity of the recorded signal was too small tomestihe part of the
scattering curve relevant for the Porod approximation. With high intensity synchrotron radiation
sourcesthe scattered intensity is high enough so that we can apply both approximations and obtain
both relevant parameters, that is, grsire and the specific surface of Eithin films.
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Figure 5. 2D GISAXS patterns of CVD obtained TiGilms. The white lines indicate

~

wherethedD cuts for the est i matHgore/)wefetakehe @A RO Vv .

The CVD obtained and -lkeam evaporated nanophased films were annealed in hydrogen
atmosphere at temperatures of 20 €, 100200 €, 500 €, 700 €, 740 €, 800 € , 900€C and
900€ (for 5.5 hours). Figures 5 and $how 2D GISAXS patterns of CVD films and-leeam
evaporated films wh four of the above mentioned temperatures. These four temperatures 20 €, 500 C?
800 € and 900€C best represent the changes in thdZattern shape due to the phase transition at
740 €. In Figure5 CVD 2D-patterns are elongated &horizontal diretion and havea triangular
shape while after phase transition these shapes became more spherical. The shapbsaai e
evaporated films inFigure 6 are more spherical and above the phase transit@y alsohave
spherical shapes, btite changes ahtensities as a function of angle are steeper. The recorded data are
reported in terms of the total scattering vector, with its horizontal (Sy) and vertical (Sz) components.

Figure 6. 2D GISAXS patterns of-beamobtained TiQ films. The white lines indiate
wherethedD cuts for the esti matHigoreB) weretakeme A RO V.

Vertical and horizontal 1D cuts were taken from the@ISAXS patterns as indicated by the white
lines inFigures 5 and 6Usingt he Gui ni er function yielded the
Figures 7 and 8.

For the CVD samplest is evident that théR ovalues are bigger ithe direction parallel to the
sample surfageas inthe direction perpendicular to the sample surfdéigure?. In the anatase phase
of the CVD samplg, average grain sizéR dare in the range from 4.5 nm to 5.9 nm and in the rutile



