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ABSTRACT

Proton conducting sol-gel P,0.-ZrO,-TiO,-SiO, glass is synthesized and
characterized with specific focus on the structural characterization of mate-
rial which enable proton conductivity and on testing the stability of the
glass under fuel cell conditions. The chemical structure of the synthesized
glasswas characterized by using FTIR (Fourier Transform Infra-red) spec-
troscopy and X-Ray diffraction studies and the stability of the P,O,-ZrO,-
TiO,-SIO, glass was probed through the TGA and hydrogen permeation
techniques. The amorphous phase of our glass was confirmed by the XRD
analysis. The presence of hydro phosphate groups in the material respon-
sible for the high conductivity and the Si, Zr and Ti bonded with the main
backbone of Si and P-O were identified by the FTIR spectral data. The
decomposition of surface adsorbed water and organic matters occur in the
temperature range of 30-400°C. Pore distribution analysis shows that the
average pore size of the synthesized glass is 2.65nm and pore volume and
surface areaare around 0.27cm?/g and 410m?/g respectively. The conductiv-
ity of the synthesized proton conductor was examined through electro-
chemical impedance analysis, conductivity is increased with increase in
temperature and it was 10*S/cm at room temperature and 103S/cm at el-
evated temperatures. © 2010 Trade Sciencelnc. - INDIA
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INTRODUCTION

Fuel cellsproduceadirect electric current by the
chemical reaction of hydrogen and oxygen without the
emission of any harmful pollutants. To produce energy
with high efficiency, membraneswith high proton con-
ductivity arenecessary asthed ectrolytethrough which
the protons movefrom the anodeto cathode of thefuel
cell. Proton exchange membranefuel cells (PEMFC)

areextensively studied as one of the new energy con-
version devices2, Attention on PEMFC mainly fo-
cused for themohile, stationary and portable€dectrical
and el ectronic devices®. Perfluoro sulfonateionomers
such asNafions(Dupont), Aciplexs (Asahi Chemicals)
and Flemions (Asahi Glass) havebeen used asthedec-
trolytesinthe PEM FCsbecause of their good mechani-
cd strength, chemica stability and high proton conduc-
tivity*®, However, the use of the PEMFC islargely
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restricted by the complex water management, CO poi-
soning of catalyst and high cost®.

Thehigh proton conducting inorganic glassesare
dternativeto the polymers™. For thispurpose, sol-gel
method has become an attractiverouteto designinto
thinfilmaswell asbulk forms, porousglassesand ho-
mogeneous particleswith controllablesizes®. The sol-
0el propertiesdepend strongly ontheinteraction of these
two components (substancethat containsasolid skel-
eton enclosing acontinuousliquid phase). Theliquid
preventsthe polymer network from the collapsinginto
acompact masswhilethe network preventstheliquid
fromflowing away. Most of the gel sare solid but ex-
hibit liquid-like characteristicsdueto thepresenceof a
large number of liquidfilled micropores. Themeso po-
rousstructure of gelsarelikely to provide channelsfor
ionmigration™,

The sol-gel chemistry of phosphosilicate hasbeen
intensvely studied, showing that the choice of the phos-
phorous molecular precursor playsafundamental role
inthe characteristics of thefinal product, such asthe
extent of copolymerization between thesilicate and
phosphate units. Compared with Si-OH, phosphate
glassesaremore efficient for high proton conduction
because of the hydrogen ions are more strongly
bounded to the non-bridging oxygen. Thehydrogenin
the P-OH group ismore hydrogen—bonded with mol-
ecules, resulting high temperatureis necessary to re-
movethewater from P-OH. Simultaneoudly, thesili-
cate network improvesthe mechanical strength and
chemicd durability. Theintroduction of Zr* intothesilico
phosphate gel improvesthe chemical stability!®. The
titanium phosphates functionalized to titanium sulfo
phenyl phosphonate showed higher proton conductiv-
ityt. Recently, aseries of phosphosilicates, zirconium
and titanium phosphates have been expl oited for their
useasdlectrolytein PEMFCd2'?24, However, thereis
no report on the presence of Zr and Ti in the phospho-
silicate glassesfor the PEM FC applications.

Thepresenceof Zr and Ti in oneanother film, could
improve both the conductivity and stability. With this
view inmind, for thefirst timethe present investigation
has been focused on the sol-gdl synthesisof Zr and Ti
doped phosphosilicatethin film synthesisand itsstruc-
tural characterization. Wea so demonstrated afuel cell
using our glassasthe e ectrolyte membrane.
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EXPERIMENTAL

Synthesisof thin glassfilm

The sol-gel method was used to synthesispurein-
organicthinfilm membraneusing SO, backbone. Tet-
raethyl orthosilicate (Aldrich) wasdiluted with acidified
(diluted HCI) ethanol by stirring one hour at room
temperature. PO(OCH.,),, Zr(OC,H.), and
Ti(OC,H,), werediluted with ethanol with respect to
their alkoxide and they were added to the hydrolyzed
solution oneby one every 30 minutesstirring interval.
An appropriateamount of formamide and water were
added tothe hydrolyzed propoxidesolution and dlowed
for continuous stirring until to get clear solution. The
final colorlesssolution wastransferred to closed petri-
dishand dlowedfor onemonthtoformgel-thinfilmat
constant temperature of 25°C. The sol-gel derived
P,0.-ZrO,-TiO,-S O, thinfilmwasexamined for their
structural and performance studies®?3, The P** ions
rapidly decreaseswithincreasing ZrO, content (P> ions
bonded with four non-bridging oxygen atom). The P**
ionsbound to oneor two bridging oxygen areincrease
withtheZrO, content.

Characterization

The Fourier Transform Infra-red (FTIR) spec-
trum for the synthesi zed glass was obtained using X
Caliper Spectrometer to analyze theformed P,O.-
ZrO,-TiO,-SiO, glass. X-ray diffraction measure-
ment was performed by using aRigaku miniplex op-
erating at 30kV and 15mA at ascan speed of 1.2 S
per point using Cu-K o, radiation. Thermogravimetric
analysis(TGA) for thesynthesized P,O_-ZrO,-TiO,-
SiO, glassfilmwas studied in a Perkin-Elmer Dia-
mond thermal analyzer instrument with aheating/
cooling rate of 10°C/mininan O /air atmosphere
(temperature range 30-800°C. Brunauer-Emmett-
Teller and BJH tests were made on the synthesized
P,0,-ZrO,-TiO,-SiO, glassfilmto analyzeits pore
size, surface areaand pore volume at abath length
of 77.35K, with warm and cold free space of
16.61145cm? and 50.8341 cmirespectively, using
Micromeritics, ASAP-2010 instrument. The stabil-
ity of the glass was examined by hydrogen perme-
ation test at different temperature (20-250°C) at
IM pahydrogen gas pressure.
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Figurel: Thermogravimetricanalyssof sol-gel derived P,O.-
ZrO,-TiO,-S O, proton conductor
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Figure3: XRD spectrum of sol-gel derived P,O-ZrO,-TiO -

SO, glass

PEM FC assembly and impedanceanalysis

A Pt/Runano colloidal catayst wasloaded onthe
Au coated nickel Foam, which wasused asthe catalyst
on theanodeand cathodeside of thefuel cells. Exter-
nally humidified oxygen and hydrogen gases were
passed i nto the respective channel s of thefuel cell as-
sembly. Thetemperature of the cell wasmaintained by
thethermostat (leads/Coils). Synthesized P,O,-ZrO,-
TiO,-SIO, thinfilmwas madeinto opt sizetofix into
the place of themembranein thecell and closed tightly
without any damageto the membraneand also no gas
leakages. A H,/O, cell was constructed with the above
mentioned assembly, which consiststheglass (P,0.-
ZrO,-TiO,-SIO,) electrolyte and Pt-Ru/C |oaded on
Au coated nickel foam as e ectrode catalyst. Theflow
rate of hydrogen and oxygen over anode and cathode
were 50 and 100mL/min. respectively. Usingtheabove
cell assembly and operating conditions, thetempera-
ture dependant performance was examined. Thecon-
ductivity of thethin glassat different temperaturewas
asoinvestigated by collecting impedance spectrainthe
frequency rangeof 0.1Hz to ImHz using GAMRY In-
strument impedance andyzer.
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Figure2: FTIR —spectrum of sol-gel derived P,O.-ZrO,-
TiO,-SIO, proton conductor
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Figure4: Nitrogen gasadsor ption (Series 1)-desor ption (Se-
ries2) isothermof P,O.-ZrO,-TiO,-SIO, glass

RESULTSAND DISCUSSION

Thermal studies

The synthesized glassmateria wasintheform of
non-crystalline phase, it was confirmed by the XRD
analysis. TGA thermogram of P,O,-ZrO,-TiO,-SiO,
glassispresentedinfigure 1. The TGA curvecan be
dividedintofour different regions. Aninitial weight loss
of 4% is observed in the temperature range of 30-
100°C, which is mainly due to the de-sorption of physi-
cally adsorbed water. The second and major weight
lossis(16%) occurredin thetemperature between 100-
200°C. Inthisregion, theresidua solvent fromthesol
preparation, elimination of water and alcohol formed
from condensation reactionsare evaporated. Thisap-
parent weight | oss can be attributed to the decomposi-
tion of slanemoleculechainthat isbondedtotheslica
net work. Itisclear that thewater de-sorption results
decrease of conductivity. A third region between 200°C
and 400°C is attributed to the decomposition of
adkoxidesat around 280°C, indicating that thea koxide
inthe gel wascompletely hydrolyzed*. And a so, de-
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Figure5: BJH distribution curveof P,0.-ZrO,-TiO,-SO,

glass

« 70
= 60%
= 50°C
+ 40°C
s 300C

Potential (V)

2 3 4 5
Currrent density (mA/cm?)
Figure7: Performanceof P,O.-ZrO,-TiO,-SIO, thinfilm at
different temper atures( 30-70°C) with 100% humidity at a
gasflow rateof 50mL/min. and 100mL/min. H,and O, gas
respectively
composition of organic residuesfrom unhydrolyzed
ligands bound to metal sand combination of formamide.
Above400C, obviously, thereisno changein weight.
Theprotonisstrongly bonded the POH group thanin
the SIOH™. Theresult confirmed that the synthesized
P,0.-ZrO,-TiO,-SO, isthermally stabl ethan el sewhere
reported.

Sructural characterization

TheFTIR spectrum of thesynthesized P,O,-ZrO,-
TiO,-SIO, glassispresented infigure 2. The addition
of ZrO,intheP,0.-SIO, glass, results P ion strongly
react with the ZrO, componentsduring thegel synthe-
si$. The PO(OH), speciesaredecreased rapidly with
the addition of ZrO, content more than 5%. And aso,
the P** ion bound to one and two bridging oxygens
increased withincreasing ZrO, content. Inthe present
glass, 5% ZrO, was used for the synthesisto get the
cent percent gel formation of PO, withthe other doped
materid. TheP,O, contentincreasesonincreasing ZroO,
toanominal composition of below 7% ZrO,. These
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Figure6a: Impedancespectraof P,0.-ZrO,-TiO,-SO, thin

film at different temperatures(30 & 40°C)
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Figure6éb : Impedancespectraof P,0.-ZrO,-TiO,-SO, thin
film at different temperatur es(50-70°C)

strongly suggest that the P>* ionsreact withthe ZrO,
componentseither by gel-synthesisor by heating™. A
broad pesk with three different smdl transmission bands
isappeared in the band range of 550-1260cm™. The
bandsin the range of 960-980cm*, 1040-1090 cm'*
and 1000-1030 cm™ corresponds to the (HPO,)*,
(H,PO,)™* and P-OH respectively**#l. The spectrum
ischaracterized by abroad peak at around 950-1200
cnmrtand at 800 cn?, indicating the presence of exten-
sivenetwork structure of Si-O-Si group. Further, the
bands at ~1350 and 1650cm* are assigned to stretch-
ing modes of P=0 and O = P-OH, respectively. The
Si-O-Ti net work band appearsat ~900cm. The Ti*
ionsarepreferentidly bonded with thehydrolyzed SOH
groups, formingtheTi-O-S bonds. The presenceof Zr
intheglassstructure could beidentified by assigning
the transmission bond around 2200cm*. The P** ion
easily reactswiththe ZrO,. Crystal water inthe pores
of theglassisobserved by the gppearance of the broad
bond at 3000-3500cn. Thesebandsclearly indicate
theformation of glass.

The XRD pattern of the P,0,-ZrO,-TiO,-S O, sol -
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TABLE 1: Hydrogen per mesation property of P,O-ZrO,-TiO,-
SiO, thinfilmat different temperaturesat 1M pahydrogen
pressure

Sl.No.

Temp.(°C)
20
30
50
75
100
125
150
175
200
225

11 250

H, permeation (mL/10min.)

[

Until 175°C no gas was found

© 00 N O Ol WDN

0.15
0.20
0.25

[
o

gel synthesized material ispresentedinfigure 3. The
glass material exhibit amorphous phase and the heat
treatment does not influence on the structure of the
materia. Thewell defined and broad peak appeared at
20 value 25 and 26 areassigned for the SIO, and P,O,
respectively. A small hump like peak at 47 and 75 are
for the TiO, and for the presence of ZrO,, the peak at
20 value 49 can beassigned. Because of thewell dis-
persed P,O,, ZrO,and TiO,inthe SIO, matrix or the
smadl sizeof the semi-crystdline natureof thematerid,
respective crysta line peakscould not mark legibly. The
existence of non-crystdlinenature of materid, whichis
corroborate with the earlier report(1%24,

Sability and porecharacterization

Thestability of the synthesized P,O,-ZrO,-TiO,-
SO, glassisexamined at different temperature (20-
250°C). A 1Mpa hydrogen was passed through the
glassand the H, permeation of theglasswas noted at
different temperature and the resultsarepresentedin
TABLE 1. Nogasflow wasfound until thetempera-
ture at 175°C, beyond that, slow gas flow was ob-
served, which may be dueto the adsorbed water mol-
eculesinthe micro-pores of the glassmembraneare
desorbed at higher temperature and further opening of
pores allows easy hydrogen permeation. Hence, the
synthesized glass can be used for the moderate tem-
perature applicationsbel ow 200°C.

For the proton conduction in the glass or mem-
branes, pores characteristics playsanimportant role.
The obtained glasswasinterrogated for its pore char-

TABLE 2: Resistanceand conductivity of P,O.-ZrO,-TiO,-
SO, thinfilmat different temperatures

S.No. Temp.(°C) Rﬁﬁ;')‘ce Co?g,‘ﬂ)" Ity
1 30 1121 3.67x10*
2 40 1070 3.85x10*
3 50 163 2.53x10°
4 60 285 1.45x10°
5 70 408 1.01x10°®

acterigtics by nitrogen gasadsorption- de-sorption mea:
surements. The N, adsorption- de-sorption isotherm
of the synthesized glassispresented infigure4. Itis
evident that the adsorptionisotherm of the glassexhib-
itsalarge adsorbed volume at low relative pressure
and aplateau in theadsorbed volumeafter theinterme-
diate pressure. Thecurve seemsto beflat andtheglass
compositions are completely micro porous and me-
chanicaly stableand it reiteratesthe TGA results. There
isahigher de-sorption observed intherel ative pres-
surerangeof 0.4-0.5. However, thereisno hysteresis
formed in desorption or adsorption cycle, whichindi-
catesthat the poresare smooth and cylindrica in shape.
The porevolume, diameter and surfaceareaof thefilm
(glass) arederived fromthe BJH Figure5and they are
0.272315cm?/g, 26.5343A and 410.5097m?/g respec-
tively. The pore size obtained from BET analysisis
21.7383A andthesurface areais 771.6470m?/g. How-
ever, theLangmuir surfaceareais1059.1970m?/g, which
islittlehigher thantheothers.

The pore properties are related to water absorp-
tion and further proton conduction and rel axation of
proton transfer. At low humidity, thewater molecules
filledinthesmall poresand they act to form the path-
waysfor proton transfer.

I mpedance measur ement

All theimpedance spectrawererecorded for the
synthesized glassduring performancetest at 100%rela-
tivehumidity at different temperatureand theresulting
spectraaregiveninfigure 6. Eachimpedanceplotis
composed of many parts. A first capacitivearc (high
frequency end) and asecond capacitivearc (low fre-
guency end) appeared in all of the spectraand small
diffusonarcisnoted for thelow temperatureplot. They
correspondsto mainly chargetransfer phenomena(elec-
tronsand protons) at high frequenciesand arerelated
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to massand water transport at lower frequencies. The
shape of the spectrum taken at the different tempera-
ture (30-70°C) issamewith various sizes of the high
and low frequency impedance arcs. Conductivity of the
glassincreases with increasing the temperature, how-
ever, thetrendisreverseafter 50°C. Theresistanceis
decreased withincreasing thetemperature (TABLE 2).
At 30°C, theconductivity is3.67x10*S/cmandress-
tance is 1121Q/cm? These values are increased to
1.01x103S/cm and 408Q/cm? at higher temperature
of our study (70°C). The hydroxyl groupsboundedin
theporesof theglassare highly sendtiveto air humid-
ity. At ambient temperature, they adsorb thewater and
hel ptoimprovethe proton hopping for proton conduc-
tion. The conductivity increaseswith increasing the
adsorbed water. Thewater moleculeispolar and chemi-
cally bonded with the hydroxyl groups such as POH,
TiOH, SOH and ZrOH bonds. Theglasshaving small
poressizefilled with water at low humidity, wherethe
conductivity reachescongtant value. On the other hand,
theglasswith large pore size needed high humidity to
get high conductivity. At higher temperature, the
adsorbed H,O molecules in the pores are desorbed
and thus decrease the conductivity beyond 60°C. The
Grotthusstransport mechanism suggeststhat charge
transportationiscontrolled throughtheH,O" andH.O,*
mediated chargetransfer. Thisresults showsthat the
proton transport in the synthesized glassisthrough the
presence of H,PO, and (HPO,) groups, which by
having free pendent P-OH group attract water and can
donate proton to facilitatethe chargetransfer. Protons
dissociated from hydroxyl groupsof theglassmateria
fromionicradicalssuch asH,O" inwater and transfer
by hopping through thewater molecul es.

Fue cell performancestudies

The performance of the P,O.-ZrO,-TiO,-SIO,
glasselectrolyte hasbeentested with H./O, fuel cell at
different temperatures. Figure 7 depictsthecurrent-volt-
agecurvesof theglasselectrolyteat 30-70°C. Theopen
circuit potentia (OCP) of thecdll isaround 0.65-0.7V
and the current density is1.08mA/cm? at 30°C. Cur-
rent density isdowly increased with temperature upto
50°C, beyond that decliningto lower vaues. Thecon-
centration of the activesites (H,PO,and H,O*) isde-
creased when the temperature increases beyond the
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ambient values, these active sitesareresponsiblefor
the proton conduction process. And also, inthe P,O, -
ZrO,-TiO,-S O, system, the POH bonds are polymer-
ized and / or reacted with Zr* ( Si**) or Ti** ionsto
form P-O-M (M =Zr, Si, Ti) bonds. This causesthe
density of hydroxyl bonds per phosphorousionto de-
crease, resulting, decreasein the proton conductivity.
Thisbehavior reveal stheimpedanceresults. The out-
put power and performance of the synthesized glass
electrolyte could beimproved by optimizing thehumid-
ity and by reducing the contact problem between the
catalyst and electrode and further increasingtheproton
conduction. Further work will be needed for operation
at more higher than 200°C, which could be achieved
by controlling the structure of proton conducting glass
to densify thee ectrolytestructure.

CONCLUSIONS

Inthiswork, wehavesuccessfully synthesized high
proton conducting P,O,-ZrO,-TiO,-SIO, glassthrough
thehydrolysisof thesolution of Zr, Ti and Si koxides
that reacted with the POH bondsfor polymerization.
The prepared proton conducting glassismore stable
even a higher temperature of 400°C. Throughthestruc-
tural, thermal and XRD studies show that the amor-
phousnatureof glassischemicdly and thermaly stable.
Theimportant characteristic bondsof the S-O-S, Si-
O-Ti,-P=0and P-Zr-Si areidentified by the FTIR
analysis. The presence of the phosphorousgroupsin
theglassisexpected to contribute higher conductivity
of theconductor. A 10-10S/cm conductivity isob-
tained inthetemperaturerangeof 30-70°C under 100%
relative humidity. Using the synthesi zed sol-gel glassa
fuel cell wascongtructed, the performanceisincreased
until 50°C and beyond that, performance of thecdll is
decreased. Our further study inthefuel cell isto be
directed towardsthe stabilization of proton conducting
groupsin the pores of the glassat moderatetempera
tureranges.
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