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Structural and proton conductivity study of P2O5-TiO2-SiO2 glasses
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Abstract

Proton conducting membranes for hydrogen fuel cell applications are being developed using sol–gel-derived P2O5-TiO2-SiO2 glasses. The
present work is devoted to the structural analysis of P2O5-TiO2-SiO2 glasses containing controlled pore sizes and the surface area of the glasses
reaching a maximum 410 m2/g, while the average pore diameter is about 2.4 nm. They were characterized by nitrogen adsorption–desorption
measurements, thermal measurement as well as FTIR spectroscopy. The structural studies were based on the evolution of the intensities
and profiles of certain characteristics bands in the FTIR spectra. In order to increase proton conductivity at low relative humidity, the result
suggests that the mobility of proton in the P2O5-TiO2-SiO2 glasses increases with decreasing O H bonding strength. An H2/O2 fuel cell
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as constructed using the P2O5-TiO2-SiO2 glasses as electrolyte and Pt/C-loaded carbon paper sheets as electrodes. Results show that the
erformance of the cell is an output power of 88 �W/cm2 at 30 ◦C with humidity.

2005 Elsevier Ltd. All rights reserved.
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. Introduction

Proton (H+) transport in solids has attracted much atten-
ion because of its potential use in clean energy fields, such
s fuel cells, batteries and chemical sensors. An entire class
f materials has gained increasing interest as proton conduc-
ors: polymers, oxide ceramics, intercalation compounds etc.

brief overview of the past and present state of solid state
rotonic conductors has been reported.1,2 The classification
f proton conductors according to the preparation method,
hemical composition, structural dimensionality, mechanism
f conduction etc., have been summarized in a comprehensive
ook on proton conductors.3

Although these materials can be prepared by a conven-
ional ceramic route, sol–gel synthetic methods are a viable
lternative not only because they represent a lower cast tech-
ology but also because better mixing of the starting mate-
ials can be achieved on the molecular scale. A number of

∗ Corresponding author. Tel.: +81 52 7355285; fax: +81 52 7355285.
∗∗ Corresponding author.

fast-protonic conductors, organic or inorganic crystalline and
amorphous have been prepared during the past two decades,4

which are categorized into two types based on their operating
temperatures. They are the hydrated crystalline compounds,5

and perflurinated ionomers6 and both showing high con-
ductivities of ∼10−2 S/cm below 100 ◦C, but their chemical
degradation limits the use in practical applications. Many
classes of protonic conductors are represented by members
which at some temperature exhibit protonic conductivities of
up to 10−3 to 10−2 S/cm. This typically represents a max-
imum as a function of temperature: at higher temperatures,
the protonic conduction decreases because of reversible or
irreversible loss of vehicle water (e.g., polymer), because
of decomposition or melting of hydrates and hydroxides or
acid salts or because of reversible loss of protons (water)
from oxides. Thus, proton conductors are generally func-
tional over relatively narrow temperature ranges. On the other
hand, fast-proton conducting glasses, if developed, extend
beyond the limitation of the above compounds, because of
their high chemical and mechanical stability and easy for-
mation into films and plates. Sol–gel-derived alkaline phos-
E-mail address: nogami@mse.nitech.ac.jp (T. Uma). phate glasses have been developed as fast-proton conducting
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materials due to their large capacity for hydroxyl groups.
Despite the increased proton conductivity, the alkaline phos-
phate glasses derived from sol–gel process have a limited
phosphate concentration due to the decrease in mechanical
strength and chemical stability with increasing phosphorous
concentration.7,8

We have successfully prepared P2O5-SiO2 binary glasses
using a sol–gel technique and exhibiting high conductivi-
ties of ∼10−2 S/cm at room temperature.9–11 It was reported
that the chemical stability of glasses are related to the ter-
mination of P5+ ions with Ti OH bonds.12 The aim of the
present work is to improve the high proton conductivity of
P2O5-TiO2-SiO2 glasses for possibility of increasing a H2/O2
cell performance with suitable electrode/electrolyte working
condition. The chemical stability of the glasses is important
factor if these materials are to be appreciated for practical
application of the fuel cell electrolytes.

2. Experimental procedure

2.1. Sample preparation

The glasses were prepared by the sol–gel technique.
Appropriate quantities of Ti (OC4H9)4 and Si (OC2H5)4 and
PO (OCH ) were partially hydrolyzed with a solution of
H
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Fig. 1. Flow chart of the sol–gel synthesis of P2O5-TiO2-SiO2 glasses.

ductivity measurements were performed in the frequency
range 0.1 Hz to 1 MHz with signal amplitude of 10 mV using
a Solatron 1260 impedance/grain phase analyzer in a sim-
ple two-electrode system. Experiments were carried out at
30–90 ◦C under a relatively humid atmosphere. The tem-
perature was raised stepwise and the measurements were
carried out after keeping at each temperature for 2 h. Dur-
ing the conductivity measurement the samples were kept in
a constant humidity chamber. The temperature and humid-
ity of the chamber were controlled at 30–90 ◦C and 40–90%
RH, respectively. Gel-derived TiO2-SiO2 particles prepared
by sol–gel route and a brief explanation of structural and pore
properties studies were reported.13 In a previous work11, we
have shown that the P2O5-SiO2 binary glasses also exhibiting
high conductivities of ∼10−2 S cm−1 at room temperature.
Further, we optimized the most of the system for improve the
high proton conductivity in order to select this compositions
studied for our present work. The chemical stability of these
glasses increased significantly on the addition of TiO2.

The H2/O2 fuel cell tests were carried out for the elec-
trolyte/electrode assemblies which consisted of the glass
3 3

2O (as 0.15 N HCl) and C2H5OH in mole ratios of 1:1 per
ole of Si (OC2H5)4. The mixture was stirred for 30 min

nd their Ti (OC4H9)4 (99%, Kishida Chemical) mixed with
2H5OH in mole ratio of 1:10 was added under continuous

tirring for 1 h. PO (OCH3)3 (98%, Nacalai Tesque) dissolved
n C2H5OH with five times moles of H2O was added to solu-
ion drop-by-drop under stirring. The phosphorus compound
as mixed with the total solution and was stirred for about
h. HCONH2 (1–3 ml) was added for 5 g oxide glass in stan-
ard solution followed by 30 min stirring. Finally, a clear
olution was obtained and it was kept carefully for 1 month,
hich led to the formation of a stiff (0.5–1.5 mm thickness)
el plates. This led to the complete hydrolysis of the alkox-
de. The gels were dried at room temperature and followed
y heat treatment about 50–600 ◦C for 2 h (Fig. 1).

.2. Characterization

X-ray diffraction (XRD) patterns were recorded form the
amples by a Bruker AXS D-5005 diffractometer using Cu
� radiation in steps size of 0.02◦ and count time of 1.2 s
er point (20 between 5 and 55◦). FTIR measurements were
ade in the range 400–4000 cm−1 using a JASCO FTIR-460

pectrometer. Thermogravimetric (TG) and differential ther-
al analysis (DTA) were performed with SSC-5200 (SEIKO

nstrument) from room temperature to 800 ◦C with heating
ate of 5 ◦C/min using powder samples. The pore proper-
ies were studied by a nitrogen gas adsorption–desorption
nalyzer (NOVA-1000, Quantochrome) and also the specific
urface area calculated using BET method. Electrical con-
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membrane as an electrolyte with Pt/C-loaded (0.2 mg/cm2)
carbon paper sheets as electrodes. The catalyst ink [mixing
Pt/C powder (0.2 mg/cm2), Nafion solution (5 wt.%), Poly-
tetraflouroethlene (PTFE) (10 wt.%) and solvent (mixture of
water and ethanol)] was painted onto wet-proofed carbon
paper sheet. These electrodes were dried at 150 ◦C for 1 day to
remove water and ethanol. The thickness of the catalyst layer
is dependent on the loading of platinum supported carbon.
These type electrodes were used for the fuel cell test. We have
been making membrane electrode assemblies with glasses
as an electrolyte and electrode on Pt/C-loaded were used
for electrochemical measurements. Current–voltage profiles
in the fuel cells were performed under humidity condition
by using an electrochemical measurement system (SI 1287-
Solatron). Temperature of the cell was controlled by NF
(Japan product) and flow rates of hydrogen for anode and
oxygen for cathode were 100–100 mL/min at constant atmo-
spheric pressure (Fig. 2).

3. Results and discussion

3.1. Structural studies

XRD of the glass heat-treated at 600 ◦C, do not exhibit any
s
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Fig. 3. FTIR plots of P2O5-TiO2-SiO2 glasses prepared by sol–gel method.

atomic level.14 The strong absorption in the frequency region
of 700–800 cm−1 corresponds to Ti O Ti bonding and indi-
cates the formation of a titanium oxide network.15 The inten-
sity of the absorption can be represented to Si O Si stretch-
ing modes at around 800–1300 cm−1 and the intercity varies
with the amount of P2O5 content in the sample. The 1530,
1650 and 2350 cm−1 bands were assigned to the hydroxyl-
related vibrational modes. Such conclusion follows from (i)
a similarity in the location of these bands and the known
hydroxyl-related bands in the spectra of various hydrate
crystals,16–18 (ii) substantial variations in the peak absorp-
tivities and oscillator strengths of these bands depending on
the water content and temperature of glass melting, and (iii) a
strict correlation between variations in the peak absorptitives
of these bands and the known hydroxyl-related 2350 cm−1

band. In addition, the peaks common for all silicate structures
at below around 1000 cm−1, due to one of the stretching and
bending vibrations of Si O or SiOH were observed.19 Here,
it was considered that the peak near 940 cm−1 is associated
with the Si O stretching in Si O Ti4+ sequence involving
tetrahedrally coordinated Ti4+ ions, or (SiO)3-OH due to the
hydroxylated surface or non-bridged groups in network. This
may be due to the condensation of structural hydroxyl groups
at higher heat-treatment of 600 ◦C. This fact is also evident
from the FTIR spectra. It is seen that the intensity of the
p −1
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harp peaks which is indicative of non-crystalline nature of
he materials. FTIR spectroscopy is a powerful tool to study
he structural changes in P2O5-TiO2-SiO2 glasses (Fig. 3).
he low wave number region of the FTIR absorption spec-

rum has been used extensively to characterize TiO2-SiO2
ixed oxides. According to the data, absorption bands are

een with the titania-silica mixed oxides, suggesting that
he absorption may be associated with the presence of the
i O Si bonds. The band at 971 cm−1 is assigned to a
i O Ti stretching. This band has been ascribed to a vibra-

ion involving SiO4 tetrahedra bonded to a fourfold coordi-
ated titanium atom indicates a good mixing of Ti and Si at

ig. 2. X-ray diffraction patterns of P2O5-TiO2-SiO2 glasses prepared by
ol–gel method.
eaks at ∼3700 and 1600 cm representative of the OH
roup and external water molecules respectively diminishes
t higher temperature. Due to this reason, the high conduc-
ivity is obtained at high temperature.

.2. Thermal studies

TG/DTA studies were made to identify thermal stabil-
ty of the P2O5-TiO2-SiO2 glass samples. From the TGA
urves, it is found that all samples show thermal dehydra-
ion. Thermograms indicate 5.5 and 7.2% weight loss within
he temperature range of 30–400 ◦C corresponding to the
oss of water molecules, after which a gradual weight loss
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Fig. 4. TG-DTA curve for the P2O5-TiO2-SiO2 glasses: (a) 5P2O5-6TiO2-89SiO2 (mol%), (b) 7P2O5-6TiO2-85SiO2 (mol%) and (c) 9P2O5-6TiO2-85SiO2

(mol%).

is observed till ∼500 ◦C (Fig. 3(a)). This may be due to the
condensation of structural hydroxyl groups. Beyond ∼100 ◦C
and up to around ∼400 ◦C, a broad exothermic peaks associ-
ated with a weight loss is observed. There is no endothermic
peak up to 500 ◦C, which indicates that there is no phase
change. One sharp endothermic peak is also observed around
at 600 ◦C. The condensation reaction in this region proceeds
with increasing temperature, resulting obtained in the for-
mation of strengthened glass structure. Fig. 3(b) shows that
the weight decreases gradually above around ∼310 ◦C is
observed in the TG curve. Above 600 ◦C the sharp endother-
mic peak was disappeared. The gradual weight loss of 9.6
and 12.2% within 35–350 ◦C temperature range is associated
with the condensation of OH groups in glass network struc-
ture. In Fig. 3(c), an exothermic peak at ∼285 ◦C is observed
and in addition another endothermic is also observed at
∼44 ◦C in DTA curve which may be attributed in moisture.
In the TGA curve, the weight decreases gradually at around
∼300 ◦C and weight loss of 7.8 and 10% calculated within

same temperature. This agrees with the DTA results. These
results indicate that the sample is stable up to about ∼300 ◦C
(Fig. 4).

3.3. Pore studies

The textural properties of the glass determined from the
nitrogen adsorption and desorption isotherms are shown in
Table 1. The adsorption–desorption isotherms and pore size
distribution of a P2O5-TiO2-SiO2 glasses (T1–T3) calcined
at 250 ◦C are shown in Fig. 5(a)–(c). The BJH desorption
pore size distribution is shown in Fig. 5 (d)–(f). It shows that
by increasing the amount of P2O5 in the mixture a decrease in
the BET area occurred, while mean pore diameter increased
moderately (Table 1). The decrease in surface area may be
due to an increase in the phosphorous domains in the inter-
connected silica structure. In the compositions, the hydroxyl
groups in phosphate glasses are strongly hydrogen bonded
with the counter oxygen atoms. Pores obtained on the glass

Table 1
Pore properties of P2O5-TiO2-SiO2 glasses heat-treated at 600 ◦C

sample P2O5-TiO2-SiO2 glasses (mol%) Average pore size (nm) Average pore volume (cm3/g) Specific surface area (m2/g)

T1 5-6-89 2.35 0.24 402 ± 2
T2 7-6-87 2.42 0.22 369 ± 2
T3 9-6-85 2.60 0.13 203 ± 2
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Fig. 5. N2 adsorption isotherms (a)–(c) and BJH pore-size distributions (d)–(f) for P2O5-TiO2-SiO2 glasses (T1–T3) heat-treated at 600 ◦C.

surface are fulfilled with rich part of POH group. The pro-
ton in the POH group is strongly hydrogen-bonded with the
water molecules compared with that of the SiOH groups in
silica network of the core structure. The pore properties of
the glasses play an important role on the proton conduction in
glasses. The water molecules are bonded with the hydroxyl
groups, such as POH, TiOH, and SiOH bonds. The porosity
and average pore size of the P2O5-TiO2-SiO2 glasses appear
to be the main factors, which are influence of the proton con-
ductivity. The proton conductivity increases with increasing
number of adsorbed water molecules. So the pore proper-
ties are one of the important factors to determine the proton
conduction in glasses. The absence of hysteresis loop in the
desorption branch in Fig. 5(d)–(f) indicates that the pores are
smooth and cylindrical.

3.4. Conductivity studies

The AC conductivity σ was determined by cole–cole
plots using an impedance analyzer (Solartron SI 1260) in

the frequency range 0.1 Hz to 1 MHz. These measurements
were carried out the temperature range 30–90 ◦C with rel-
ative humidity 40–90% (Figs. 6 and 7). The temperature
dependence of conductivity (log σ versus 1/T) for the P2O5-
TiO2-SiO2 glasses for optimized compositions is shown
in Fig. 6. The temperature increases the conductivity val-
ues are also found to increase (Table 2) for all samples.
The proton dissociated from the POH bonds become more
mobile which increases the conductivity and the protons
transfer is through the water molecules in the pores by
hopping mechanism.20,21 The conductivity of sample T2
(7P2O5-6TiO2-85SiO2 mol%) increases with increasing tem-
perature from 30 to 90 ◦C and the value has the maximum
of 1.5 × 10−2 S/cm at 90 ◦C. Fig. 7 shows that the relative
humidity dependence of conductivity for the P2O5-TiO2-
SiO2 glasses at 30 ◦C. The conductivity values for P2O5-
TiO2-SiO2 glasses are found to be in the range 10−4 to
10−2 S/cm at RH% (Table 3). The effect of P2O5, increas-
ing proton conduction in the glass media, because of strong
hydrogen bonding characteristics of the POH bond compared
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Table 2
Conductivity values of P2O5-TiO2-SiO2 glasses at different temperatures

Sample number σ (S/cm) values

30 ◦C 40 ◦C 50 ◦C 60 ◦C 70 ◦C 80 ◦C 90 ◦C

Tl 1.59 × 10−3 1.81 × 10−3 2.01 × 10−3 2.44 × 10−3 2.61 × 10−3 2.84 × 10−3 2.91 × 10−3

T2 8.70 × 10−3 1.01 × 10−2 1.11 × 10−2 1.21 × 10−2 1.31 × 10−2 1.41 × 10−2 1.47 × 10−2

T3 3.35 × 10−3 4.39 × 10−3 5.83 × 10−3 6.70 × 10−3 6.93 × 10−3 7.32 × 10−3 7.62 × 10−3

Fig. 6. Arrhenius plot of log conductivity against reciprocal temperature for
P2O5-TiO2-SiO2 glasses heat-treated at 600 ◦C: (Tl) 5P2O5-6TiO2-89SiO2

(mol%), (T2) 7P2O5-6TiO2-87SiO2 (mol%) and (T3) 9P2O5-6TiO2-85SiO2

(mol%).

Fig. 7. Arrhenius plot of the conductivity P2O5-TiO2-SiO2 glasses with dif-
ferent (40–80%) humidity conditions at 30 ◦C: (T1) 5P2O5-6TiO2-89SiO2

(mol%), (T2) 7P2O5-6TiO2-87SiO2 (mol%) and (T3) 9P2O5-6TiO2-85SiO2

(mol%).

Fig. 8. Composition in P2O5 dependence of conductivity for P2O5-TiO2-
SiO2 glasses at 30–90 ◦C temperature with 70% relative humidity.

with SiOH bond. The conductivity of the glass increases with
an increase in the relative humidity and shows a maximum
value 3.6 × 10−2 S/cm at 90% humidity for the sample T3.
This suggests the mechanism of transportation as Grotthus
type22 where the conductivity depends on the ability of the
water located on the surface to rotate and participate. In com-
parison, the conductivity is nearly an order of magnitude
higher in humid atmosphere. The increase in conductivity
is clearly due to water uptake by the glass sample. How-
ever, we observed a high conductivity of 6.89 × 10−2 S/cm
at room temperature with dry condition. Further, the over-
all conductivity values indicate that the chemical stability
of P2O5-TiO2-SiO2 glass is a suitable electrolyte for fuel
cells operating at the low temperature. Fig. 8 shows the con-
centration of P2O5 relative with conductivity at 30–90 ◦C
temperature dependence with relative humidity of 70% for all
compositions. It is observed that the conductivity decreases
with increasing P2O5 ratio above 7 mol% in the composi-
tion. It indicates that there are two competing effects at play
in glass media. At low concentration of P2O5 loadings, the
conductivity increases; it may be due to the increase in the

Table 3
Conductivity values of P2O5-TiO2-SiO2 glasses in humidity atmosphere (40–90%) at 30 ◦C

Sample number P2O5-TiO2-SiO2 glasses (mol%) σ (S/cm) values

40%

T1 5-6-89 1.58 × 10−
T2 7-6-85 8.26 × 10−
T3 9-6-85 5.07 × 10−
50% 70% 90%
3 2.47 × 10−3 3.23 × 10−3 3.71 × 10−3

4 5.19 × 10−3 9.86 × 10−3 1.14 × 10−2

3 1.82 × 10−2 2.29 × 10−2 3.62 × 10−2
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conductive layers. At higher P2O5 concentrations, phase dis-
continuities and dilution effects will predominate instead and
result in low conductivities (Table 2). It may be the nature
of the conduction mechanism can vary from hopping in a
disordered random network potential to a percolation path-
way involving higher mobilities in a particular region of
homogeneous glasses, with slower motions in the intervening
structure.23–26 These results strongly suggest that the conduc-
tivities are enhanced by the incorporation of P2O5 content in
glass, despite the difference in their pore surfaces.

The proton conduction is strongly affected by the nature of
the textural properties. We found that the highest proton con-
ductivity of 9P2O5-6TiO2-85SiO2 glass is 3.6 × 10−2 S/cm
at 90% humidity (sample T3). Generally, such glasses with
large pore volume and large surface area possess the capa-
bility to absorb a large amount of water in the pores. The
surface area and pore size correspond to the concentration
of the surface OH groups and the adsorbed water molecules,
respectively. The water content increases with the increasing
humidity and all the pores are filled with water molecules.
It was found that the dependence of water adsorption on the
humidity is analogues to the N2-gas adsorption isotherm. Fur-
ther adsorption of water molecules leads to the multilayer
of water molecules, which are physically bound in pores; it
is necessary for glasses to be exposed in high humidity for
high conductivity. We noted that the high proton conductiv-
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Fig. 9. Variation in cell voltage for operation time at 30 ◦C under relative
humidity with constant atmosphere.

as electrodes. The cell operated under constant atmospheric
pressure and the gas flow rate to anode and cathode side was
100 mL/min at 30 ◦C with relative humidity condition. Gen-
erally, the electrochemistry reaction, which takes place inside
a fuel cell, hydrogen (H2) flows over the anode (the negative
electrode) and splits into positively charged hydrogen ions,
and electrons which carry a negative charge. The electrons
flow through the anode to the external circuit, performing
useful work (this is the electrical current generated) while
the hydrogen ions pass through the anode and into the elec-
trolyte, moving towards the cathode (the positive electrode).
The electrons eventually return to the cathode, which is sup-

F
d
c
t
atmosphere.
ty for sample T3 (Table 3) with large pore size such glass
ontaining appropriate amount of P2O5 (9 mol%), and inter-
sting to observed the average pore size and pore volume is
.6 nm and 0.13 cm2/g for that sample T3. The pore proper-
ies indicate the OH groups on the hydrogel network would
ondense and form Si O Si bridges during heat treatment
r gel drying condition. The pore volume and surface area
oth decreases continually depends heat treatment and nature
f glass preparation, the shape of the pore size distribution
emains basically the same. For this reason, heating caused
he dehydration–condensation reaction between the hydroxyl
onds. During this reaction, the gels shrunk and resulting in
he reduction of surface and pore volume. The porous SiO2
tructure remains unchanged in glass heated at 600 ◦C, the
urfaces of which are terminated with the hydroxyl bonds.

.5. Fuel cell studies

In the present work, we observed that the cell voltage
0.7–0.9 V), current density (50–217 �A/cm2) and power
ensity (20–88 �W/cm2) throughout the fuel cell perfor-
ance. Fig. 9, the open circuit voltage rise-up smoothly

ncreases the operating time. It seems the performance sta-
ility of the fuel cell is constant during operating time. But
his condition is not always same to maintain, reason for that
he contact between electrolyte/electrode. Fig. 10(a) and (b),
hows that the cell voltage versus current density and power
ensity plots for a fuel cell using electrolyte/electrode assem-
lies which consist of 9P2O5-6TiO2-85SiO2 (Sample T3)
lass as an electrolyte and Pt/C-loaded carbon paper sheets
ig. 10. Cell voltage vs. current density (a) and power density vs. current
ensity (b) for a for operation time at 35 ◦C under relative humidity with fuel
ell using an electrode/electrolyte (Pt/C catalyst = 0.2 mg/cm2) consisting of
he 9P2O5-6TiO2-85SiO2 glasses. The cell operated at 30 ◦C under humidity



2372 T. Uma et al. / Journal of the European Ceramic Society 26 (2006) 2365–2372

plied with oxygen (O2). At this point the electrons, hydrogen
ions and oxygen react to form water (H2O). The cell assem-
ble is clamped between two gas flow field compartments to
produce a single cell. When hydrogen is fed to the anode
compartment, and oxygen to the cathode compartment, an
electrical potential of approximately 1 V builds up. When
anode and cathode are externally connected by an electri-
cal load, a current is produced and hydrogen and oxygen are
consumed. The power increases as a function of load indicat-
ing an almost parabolic curve. The operating time increases
in the cell significantly improve the cell voltage at low cur-
rent densities. This performance of the cell is still low for
the practical application. However, these results demonstrate
that the fuel cell using the glass material as an electrolyte can
continuously operate at low temperature with low humid-
ity. Moreover, the electrolyte had a steady performance over
time, without showing any signs of chemical or mechanical
degradation.

4. Conclusions

The P2O5 concentration influences the properties of glass
and their structures and thermal stability also understood
based on FTIR, Nitrogen adsorption–desorption, TG/DTA
and conductivity measurements. The proton conductivity of
t
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