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ABSTRACT

In this paper, we report on the proton conducting phosphosilicate glass membranes using TiO,, Pt, and
Nafion® as intermediate layers, respectively, for their applicability as low-temperature fuel cells elec-
trolytes. Measurements concerning Scanning Electron Microscopy (SEM), Electrochemical Impedance
Spectroscopy (EIS), as well as electrochemical analysis were carried out. The specific surface area and
pore size distributions were described by the Brunauer-Emmett-Teller (BET) method and the average
pore size found to be approximately in the range of 2.8-6.3 nm for all the studied membranes. The electric
current-voltage characteristics of the fabricated MEA were studied under humidified atmosphere. When
electrode width is 4 or 9 mm, the obtained maximum current and power density values are 147.1 mA cm?
and 73.8 mW cm?; and 68.2 mA cm? and 27.2 mW cm?, respectively. It is thought that the catalyst reac-
tion efficiency in three-phase boundary improved and higher output power can be obtained with the
electrodes used. In addition with high output values, internal resistance is also decreased due to small
width of electrode. Thus the studied membranes are suitable candidates for low-temperature H, /O, fuel

cells electrolytes.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Fuel cells are attractive for use in transport and stationary appli-
cations for a variety of reasons, such as high energy density, low
cost, easy transportation, and low reforming temperature. Also,
fuel cells are believed to find their first widespread use in portable
electronics. The H, /O, fuel cells are very efficient devices for the
conversion of chemical energy into electrical energy. Additional
research is vitally needed to understand and evaluate the best
potential uses of fuel cells in transportation and mobile applica-
tions. The development of effective and low cost membranes for
fuel cells has gained fundamental importance and turned out to be a
challenge for the membrane community in the last years [1-7]. The
challenge particularly consists in fabricating low cost membranes
out of glass for low-temperature H, /O, fuel cells. Low-temperature
fuel cells, in particular proton exchange membrane (PEM) fuel cells,
are the most suited for transport applications since there are no
problems with temperature cycling. The glass membranes play a
decisive role as electrolyte media for proton transport and barriers
to avoid the direct contact between the fuel and oxygen. The low
operating temperatures will allow for an easier cell construction,
enabling cheaper materials to be used, and will reduce the prob-
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lem of thermal stress. A good proton conducting electrolyte should
combine high chemical, mechanical, and thermal stabilities with
reasonable electrochemical properties [8-11].

Phosphosilicate glasses exhibit interesting technological and
structural properties. In particular, they find uses in energy gener-
ating applications, such as hydrogen fuel cells and proton exchange
membrane fuel cells, because of their ability to act as fast proton
conductors [12-14]. The POH bonds, strongly hydrogen-bonded
with water molecules, are appropriate for increasing the proton
conduction, while the SiO, is useful to increase the mechanical
strength of the glass. The conductivity also increases with increas-
ing water content in the pores. Although these materials can
be prepared by a conventional ceramic route, sol-gel synthetic
methods are a viable alternative not only because they repre-
sent a lower cost technology but also because better mixing of
the starting materials can be achieved on the molecular scale.
Recently, from our laboratory the preparation of porous SiO,-P,05
glasses, which displayed a conductivity of ~10~2S/cm at room
temperature [1,15,16], were reported. These glasses were applied
to the electrolyte of hydrogen/oxygen fuel cell, exhibiting power
densities of order of ~10mW/cm? at room temperature. In the
present work, proton conducting phosphosilicate glass membranes
mixed with TiO,, Pt, and Nafion® as intermediate layers, respec-
tively, are being designed and developed for a systematic study.
Such membranes are expected to possess high proton conductiv-
ities under humidified conditions at room temperature and high
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Fig. 1. Flowchart for the sol-gel synthesis of 5P,05-95Si0, glass thin film.

thermal, mechanical, chemical, and electrochemical stabilities.
To achieve these targets, the prepared SiO,-P,05 glass mem-
branes were characterized by various experimental techniques, i.e.,
Scanning Electron Microscopy (SEM), Electrochemical Impedance
Spectroscopy (EIS), as well as electrochemical analysis including
H, /0, fuel cell test.

2. Experimental studies

Fig. 1 shows the procedure followed for the preparation of the phosphosilicate
glass thin film. The precursors used were Si (OC,Hs)4 (TEOS) and H3PO4. The glass
composition was set to be 5P,05-955i0, (mol%). First, 6.0 x 10-> M HCl aqueous
solution was slowly added to the C3HgOH (2-PrOH) and TEOS mixed solution, stirred
at 60°C to obtain partially hydrolyzed solution. In order to increase hydrolysis,
6.0 x 10~2 M HCl aqueous solution was also added drop-wise and then stirred vigor-
ously at 70 °C. After that, Brij®56 and H3PO4 were added and the solution was again
stirred for another 1.5 h. Stirring was then stopped and the final solution was aged
for 1 h. The mole proportion was TEOS:2-PrOH:H,0:HCl:Brij®56 = 1:x:5:5 x 10-3:0.1
(x=3,4,5,7,10, 15). The ratio of C3HgOH (2-PrOH) and TEOS was changed. A slide
glass (Matsunami Co.) was used as a substrate for the conductivity measurement.
ITO glass (Asahi Glass Co., Ltd.) was coated with Pt by vapor deposition. Vycor glass
(Coning Co.) was used for current/voltage characteristics measurement. The pre-
pared sol with a volume of 100 wl was then spin-coated at 2000 rpm for 90s. The
coating was then allowed to dry in air. The coated substrate was heated in an electric
furnace. The heating temperature was set to 400°C and the keeping time was 6 h.

3. Results and discussion

Fig. 2 shows the relationship between the mol ratio of 2-PrOH
for TEOS and film thickness of the glass. The proportion TEOS:2-
PrOH =1:x(mol%), withx=3,4,5,7,10, 15, resulted in film thickness
of 1000, 750, 620, 440, 300 and 170 nm, respectively. With the
decrease of 2-PrOH, film thickness increased. At low speed spin
coating, film thickness is also increased due to highly viscous sol.
Noting that the rotation speed was fixed at 2000 rpm, the decrease
in 2-PrOH led to an increase in sol viscosity thereby causing the film
thickness to increase. From this fact, the quantity of the solvent can
be adjusted to obtain the glass thin film with desired thickness.
Fig. 3 shows the prepared 5P,05-95Si0O, glass thin film (TEOS:2-
PrOH =1:3) pore size distribution. The average pore diameter was
determined to be about 2.8 nm with Brij®56 as the ionic surfactant.
Table 1 shows the pore characteristics of the glass thin film. Fig. 4
shows the adsorption-desorption isotherm of the 5P,05-95Si0,

Fig. 2. Relation with mol ratio of 2-PrOH against TEOS and the thickness of glass
thin film.

Fig. 3. Pore size distribution of 5P,05-95Si0; glass thin film.

Table 1
Pore characteristics of 5P,05-95Si0, glass thin film.

Average pore size/nm Specific surface area/m? g~ Pore volume/mLg~!

2.8 482 0.3

glass thin film. Equilibrium was attained at the part with low rel-
ative pressure at P/Py=0.3 as indicated in Fig. 4. This is because
of low capillary condensation with respect to relative pressure in
the pore of the glass thin film. Fig. 5 shows the SEM image of the
glass thin film (TEOS:2-PrOH=1:3). As can be seen, the surface is
free from cracks and other deformities. This can be attributed to
the decrease of compressive stress during the heat-treatment of
the sample. Fig. 6 shows the dependence of conductivity on the
relative humidity of the 5P,05-95Si0, glass thin film at 30°C. In
addition, it also showed the degree of conductivity of the bulk glass
of the same composition for a comparison. The conductivity of the
glass thin film at the 80% RH was 2.5 x 10~3Scm~!. In compari-
son with the bulk glass, it is understood that the dependence of
conductivity on humidity is small. However, the conductivity of
the glass thin film as shown in the figure had decreased in com-
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Fig. 4. N, adsorption-desorption isotherm of 5P,05-95Si0, glass thin film.

Fig. 5. SEM image of surface of the 5P,05-95Si0; glass thin film.

Fig. 6. Relative humidity dependence of the proton conductivity for 5P,05-95Si0,
glass thin film and bulk glass (30°C).

Fig. 7. SEM image of the surface of Pt-sputtered layer.

parison with the bulk glass. In Fig. 7, the surface SEM image of
platinum layer is presented. Grain size of the platinum was approx-
imately 20 nm. This size is approximately 5 times greater than
that of Pt/C. In Fig. 8, the cross-section SEM image of the pre-
pared membrane electrode assembly (MEA) is presented. The part
where the platinum electrode and the glass thin film exfoliated
was verified. During the MEA fabrication, the glass thin film and
the platinum electrode were heated together. The thermal load and

Fig. 8. SEM image of cross-section of MEA (a) x10,000 and (b) x50,000.
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Fig. 9. Relative humidity dependence of the proton conductivity for glass thin film,
using different substrates (30°C).

compressive stress were thought to be responsible for the exfoli-
ation. In Fig. 9, the relative humidity dependence of conductivity
of the prepared membrane at 30°C is presented. It is noted that
Fig. 1 shows the preparation of ITO substrate that can be sput-
tered with Pt layer. The measured conductivity for the ITO-based
substrate and the case with Pt layer were 2.49 x 10~>Scm~! and
7.39 x 10-6Scm™!, respectively. In comparison, the values were
lower than with the 5P,05-95Si0, glass thin film. The measured
conductivity is thought to be low for samples where adhesion is
poor. In addition, as for the conductivity when Pt was used, it was
found to be lower in comparison with ITO. We have also studied
the characteristics of the fuel cell which uses the glass thin film
with MEA (thickness=1 wm). For a comparison, sample having a
film thickness, 0.3 wm is also presented. Fig. 10 shows the time-
dependent change of the open circuit voltage of glass thin films.
Open circuit voltage at film thickness of 1 wm was measured to
be 0.91V while the film thickness of 0.3 wm was lower. When the
film thickness increases, the amount of reaction gas which trans-
mits through the electrolyte will decrease and from this, crossover
can be controlled. Fig. 11 shows the potential-current polarization

Fig. 10. Change in time of the OCV for fuel cell using glass thin films (R.T., 100%RH).

Fig. 11. Potential-current polarization curves of fuel cell glass using glass thin films
(R.T., 100%RH).

curves of fuel cells using glass thin films. Maximum output cur-
rent and power with film thickness 1 wm are 19.1 pAcm~—2 and
8.2 W cm~2, respectively, while that of 0.3 pm was lower. When
a high open circuit voltage is set, a high load could also be applied.
But this is just approximately 1/1000th of the value of the case with
bulk glass (1.1 mW cm~2). Fig. 12 shows the impedance spectrum at
0.6V of MEA. Internal resistance and charge-transfer resistance of
0.3 wm film were 1.9 x 104 and 5 x 103  cm?, respectively and the
total resistance was calculated to be 2.4 x 10%  cm?. As for the bulk
glass (film thickness =~1 mm), the internal resistance and charge-
transfer resistance were 15.8 and 5.8 2 cm?, respectively. The glass
thin film with MEA has reached approximately 1000 times more
in terms of its magnitude. The resistance is dictated by the con-
ductivity of the electrolyte and its adhesion with the film, and the
electrode used. In comparison with the bulk glass, thickness of the
glass thin film is only 1/1000th, making it very thin. By contrast, the
conductivity of the glass thin film is greater by 1 order of magni-
tude than that of the bulk glass. From this, in comparison with the
bulk glass, internal resistance of the glass thin film is expected to be
reduced by 1/100th. However, the internal resistance of MEA has
increased and it is thought that the adhesion of electrolyte and the
electrode has caused for this effect. As shown in Fig. 8, the exfo-
liation of the platinum electrode and the glass thin film can be

Fig. 12. Impedance spectrum of fuel cell using a glass thin film (R.T., 100%RH).
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verified. In order to decrease internal resistance, it is thought that it
is necessary to prevent this exfoliation. In addition, the increase in
charge-transfer resistance could be due to the three-phase bound-
ary being reduced. This is true for MEA fabricated from MEA bulk
glass coupled with Pt/C-Nafion® electrode and sputtered Pt layer.

In the above study, glass thin film (thickness = 1 um) electrolyte
was tested and it showed improvement in the open circuit voltage
of the H;/0, fuel cell. The performance of the MEA-assembled fuel
cell quality was also evaluated. Below are the findings from this
study.

1. Thickness of the glass thin film could be controlled by increasing
and decreasing the quantity of 2-PrOH. The ratio TEOS:2-
PrOH =1:3 resulted in a thickness of 1 wm.

2. The conductivity of the glass thin film was 1.5 times lower in
comparison with the bulk glass which was ~10-3Scm~! and
the same conditions, at 80% RH.

3. The electrode has exfoliated from the glass thin film and the poor
adhesion of the platinum electrode and the glass thin film was
verified.

4. The conductivity of the membrane in vertical direction of
the glass thin film was lower with the sputtered Pt layer
(~10-6Scm~') than without Pt layer at 90% RH. It is thought
that the poor adhesion of the glass thin film and the platinum
electrode resulted into high resistance of the MEA.

5. The open circuit voltage of MEA with 1um glass thin film
increased to 0.91V, higher than with 0.3 pwm. It is thought that
with increase in thickness, crossover of the reaction gas can be
decreased.

6. The power output of MEA with 1 wm glass thin film reached
approximately 2 times (8.2 wW cm~2) than with the 0.3 um.

7. As for the internal resistance at 0.6 V of MEA with 1 wm glass thin
film and as for charge-transfer resistance, it was measured to be
1.9 x 10% and 5 x 103 Q cm?, respectively. Also, it was approxi-
mately 1000 times larger in comparison with MEA which used
only the bulk glass.

From the above study, the improved open circuit voltage when
film thickness of the glass was 1 um, made clear that in order
to obtain a higher output power, it is necessary to make internal
resistance and the charge-transfer resistance to be low as much as
possible. Adhesion of the sputtered Pt layer and the glass thin film
was identified to be directly responsible for the increased internal
resistance. It is necessary that in order to make internal resistance
decrease, adhesion should be improved so that exfoliation can be
prevented. In addition, the sputtered Pt layer also contributed to
increased charge-transfer resistance, as the electrode three-phase
boundary became small, the reaction at the electrode became unfa-
vorable. In order to make charge-transfer resistance decrease, it is
necessary to use catalysts whose three-phase boundary is high. But,
it is reported that as for the Pt/C-Nafion® electrode which gener-
ally is used as the catalyst for PEMFC, the adhesion of one side and
the glass with high three-phase boundary is actually poor. In this
work, the electrolyte making use of the Pt/C-Nafion® as the cath-
ode electrode, MEA which is formed with Nafion® membrane as
adhesive layer was investigated for improvement in adhesion. In
addition, with the purpose of preventing the exfoliation of the Pt
layer from the glass thin film, MEA which is formed with TiO, layer
as an adhesive layer with glass thin film is fabricated. Also, their
corresponding fuel cell performance is evaluated.

As for the 5P,05-95Si0, sol, the mole ratio was set at TEOS:2-
PrOH:H,0:HCl:Brij®56 =1:5:5:5 x 10-3:0.1.

The synthesis of the TiO, sol and its deposition is shown in
Fig. 13. Ti (OC4Hg)4 (or TNBT) was used as the precursor.

First, CHsOH (EtOH) was mixed with TNBT. Next,
(CH,CH,0H),;NH (diethanolamine, DEA) as the chelating agent

Fig. 13. Flowchart for the sol-gel synthesis of 100TiO5.

was added and the solution was stirred vigorously for 30 min at
room temperature. After that, EtOH and 0.15M HCI were added
and the solution was further stirred for another 30 min in order
to produce the 100TiO, sol. Mole ratio of the final reactant (mol%)
was TNBT:DEA:EtOH:H,0:HCl=1:1:29.6:1:1.

3.1. Electrode preparation

For the electrodes, those used for polymer electrolyte fuel cells
were generally prepared from the electrode slurry. The preparation
method is as follows. Nafion® solution (5 wt.%, 1.0 g, Aldrich) with
PTFE suspension (polytetrafluoroethylene; 10 wt.%, 0.4 g, Aldrich)
were agitated lightly. To this solution, platinum support carbon
catalyst (Pt/C; 0.1 g) was added for 1h ultrasonic dispersion. After
that, ethanol aqueous solution (40vol% and 1.0g) was added and
followed with another 3 h of ultrasonic dispersion. The obtained
solution was designated as the electrode slurry. The synthetic pro-
cess of this electrode slurry is shown in Fig. 14. This solution was
noted to have high catalyst activity with its high specific surface
area.

Fig. 14. Flowchart of the synthesis of catalyst ink.
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Fig. 15. Flowchart for the fabrication of the MEA using Nafion film as an intermedi-
ate layer.

3.2. The production of MEA

3.2.1. The cathode electrode - MEA made with Nafion®
membrane between the glass thin film

First, the anode electrode was made by using one side of the
Vycor glass base plate which was mirror-polished in which Pt
was deposited by a sputtering machine (Sanyuu, Co., Electronic
SC-701 type) for 3 min. After that, heated treatment at 400 °C fol-
lowed. Then, the 5P,05-95Si0, precursor solution, after 1h of
aging, was spin-coated on the Vycor glass substrate at 3000 rpm.
Next, it was heated at 400°C. After that, the Nafion® solution
(5wt.%, Aldrich) was also spin-coated on the glass thin film sur-
face at 3000 rpm and then dried at 120°C. The carbon paper with
catalyst slurry (0.9cm x 0.9 cm) was then placed on the Nafion®
membrane surface. And, making use of small-sized thermal press
machine (Azuwan Corporation, AH-2003), the assembly was hot-
pressed for 2 min at 130 °C and 2 MPa in order to bond the cathode
electrode and the Nafion® membrane. To prevent any damage, the
sample was placed between the Teflon sheet and rubber sheet. The
lead wire was installed with silver paste (as an adhesive) on the
anode and cathode sides for the electron microscope (Nisshin EM
(Inc.), Sillbest P255). The preparation procedure and schematics of
this MEA are shown in Figs. 15 and 17(a), respectively.

3.2.2. The anode electrode - MEA made with TiO, layer between
the glass thin film

First, using the 100TiO, precursor solution, the mirror-polished
side of the Vycor glass baseplate was spin-coated with TiO, layer
at 5000 rpm, following heat-treatment at 400 °C. Using the sputter-
ing machine with respect to TiO, layer, the Pt layer was deposited
for 3min as anode, followed by heat-treatment at 400°C. Then,
with respect to platinum layer, the 100TiO, was again spin-coated
at 5000 rpm and then heat-treated at 400 °C. Next, the prepared
5P,05-95Si0, sol was spin-coated on top of the previous layer at
3000 rpm, following heat-treatment at 400 °C. Then a final Pt sput-
tering (as cathode) was made with the same sputtering parameters.
The cathode electrode (0.9 cm x 0.9 cm), the masking point to the
glass thin film surface was sputtered with Pt for 2 min. The lead
wire was installed on the anode and cathode by using silver paste

Fig.16. Flowchart for the fabrication of the MEA using TiO- as an intermediate layer.

as an adhesive. The production procedure and schematics of this
MEA are shown in Figs. 16 and 17(b), respectively.

3.3. Characteristics of the TiO, layer

3.3.1. Pore quality

In Fig. 18, the pore size distribution of the TiO, layer is shown.
Table 2 shows the TiO, layer’s average pore size, specific surface
area and pore volume. The specific surface area, and pore volume
were smaller than with the result of the 5P,05-95Si0, glass thin
film as shown in Table 1.

3.3.2. Conductivity of the TiO, layer

Fig. 19 shows the relative humidity dependence of the proton
conductivity for TiO, layer, measured using interdigital electrode
(30°C). The degree of conductivity measured for the TiO, layer at
90% RH is 2.2 x 1074 Scm~!. As for TiO, which was produced by
sol-gel method, the conductivity is low in comparison with the
5P,05-95Si0; glass thin film.

3.3.3. The adhesion of the fabricated MEA

In Fig. 20, the cross-section SEM image of MEA showing the TiO,
layer between the anode electrode and the glass thin film is pre-
sented. As can be seen, there is no exfoliation of electrolyte from
the platinum electrode in comparison with when the TiO, layer is
not used (as shown in Fig. 8 of above section). The thermal load and
the compressed stress at the Pt-sputtered layer can be decreased by
the TiO, layer and adhesion is promoted. The TiO, layer prepared
by sol-gel method was confirmed to be an effective adhesive layer.
In addition, when there is no Nafion® membrane, the electrode
peels off. Meanwhile, no peeling off occurred with the cathode elec-
trode when Nafion® membrane as an adhesive layer was used in
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Fig. 19. Relative humidity dependence of the peculiar proton conductivity for TiO,
layer, measured using interdigital electrode (30°C).

Fig. 17. Scheme of the MEA using (a) Nafion film and (b) TiO, as an intermediate
layer.

Fig. 18. Pore size distribution of TiO, layer.

the MEA. Fig. 21 presents the relative humidity dependence of con-
ductivity of membrane in vertical direction, at 30°C. The degree
of conductivity at 90% RH of samples without adhesive layer, with
Nafion® membrane and TiO, layer were 2.57 x 1076, 2.57 x 10-6
and 6.83 x 106 Scm~1, respectively. When the Nafion® membrane
is designated as adhesive layer, it was same in comparison with the
conductivity of samples without it. When TiO, layer is designated
as adhesive layer, it improved the conductivity more than 2.5 times

Table 2
Pore characteristics of TiO; layer. Fig. 20. SEM image of the cross-section of the MEA using TiO, layer as an interme-
- - diate layer (a) x10,000 and (b) x50,000.
Average pore size/nm Specific surface area/m? g~ Pore volume/mLg!

6.3 26.8 0.04
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Fig. 21. Relative humidity dependence of the conductivity for the prepared MEA
(30°0).

at 90% RH. As understood from the SEM image in Fig. 20, adhe-
sion of the electrode and electrolyte increased, thereby decreasing
the resistance in the boundary and improving the conductivity.
Fig. 22 shows the change in conductivity with the film thickness
of the TiO, layer at 90% RH and 30°C. The line in the figure rep-
resents the degree of conductivity at 90% RH, when TiO, layer
is not used as adhesive layer. As film thickness becomes thin to
300-100 nm, degree of conductivity reached high value. As shown
in figure, the membrane resistance of TiO, increases because 1
column is low as for TiO, specific degree of conductivity in com-
parison with the glass thin film. But, the degree of conductivity
equality or reached low value is at 100nm or less. The effec-
tive film thickness, from this, is 100 nm as an adhesive layer. The
film thickness of the sample was measured by a surface rough-
ness meter. Here, the glass thin film (thickness=1.5 mm) of MEA
was used as the Nafion® membrane (thickness =200 nm) for adhe-
sive layer. In addition, the glass thin film of MEA which uses TiO,
for adhesive layer and film thickness of TiO, layer, were 620 and
100 nm, respectively. Fig. 23 shows the time-dependent change
of the open circuit voltage of the fabricated MEA. When adhesive
layer is not used, when Nafion® membrane and when TiO, layer
is used as adhesive layers, the open circuit voltages were 0.91V,
1.01V and 0.81V, respectively. As the film thickness of the elec-
trolyte of MEA changes, the cross leak of the extent reaction gas
through film also changes. When the Nafion® membrane is used as

Fig. 22. Relation with thickness of TiO; layer and the conductivity (30°C, 90%RH).

Fig. 23. Change in time of open circuit voltages for fuel cells using prepared MEAs
(R.T., 100%RH).

adhesive layer and with the catalyst slurry which is produced for
the cathode electrode from Pt/C, voltage decreased in comparison
with Pt-sputtered layer usage. This is one of the primary factors
where one can obtain high open circuit voltage. Fig. 24 shows
the impedance spectra at 0.6V of the fabricated MEA. The inter-
nal resistance and charge-transfer resistance when adhesive layer
is not used are 1.9 x 10* Qcm? and 5 x 103 Q cm?, respectively.
When Nafion® membrane is used for adhesive layer these values
are 4.9 x 103 Q cm? and 5.0 x 103  cm?; and when TiO, layer is
used they are 1.7 x 103 Q cm? and 1.9 x 104 Q cm?, respectively.
The internal resistance decreased when Nafion® membrane or TiO,
layers are used as adhesive layers. When the Nafion® membrane
is used for adhesive layer, the adhesion increased in comparison
with when the Nafion® membrane is not used by bonding with
the cathode electrode, and the Nafion® membrane with hot press-
ing had caused internal resistance to decrease. But, decrease of
charge-transfer resistance was not seen. This is because the plat-
inum electrode was used for the anode electrode. When TiO; layer
is used for adhesive layer, as shown in Fig. 8, adhesion with the
platinum electrode and the glass thin film resulted in the decrease
in internal resistance by preventing exfoliation. But on the other
hand, charge-transfer resistance increased. The three-phase circuit
boundary in the anode electrode of the fabricated MEA is thought

Fig. 24. Impedance spectra at 0.6 V of fuel cells using prepared MEAs (R.T., 100%RH).
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Fig. 25. Potential-current polarization curves of fuel cells using prepared MEAs
(R.T., 100%RH).

to form only to the boundary part of anode electrode and elec-
trolyte. Because with TiO, layer and platinum electrode and the
reaction gas whose degree of conductivity is low in comparison
with the 5P,05-95Si0, glass thin film and with the three-phase
circuit boundary formed, it is thought that charge-transfer resis-
tance is increased. It is understood that the overall resistance of the
whole MEA decreases, with the Nafion® membrane and TiO, layer
as adhesive layers. In Fig. 25, the current-voltage characteristics of
the fabricated MEA are shown. The maximum power output when
no adhesive layer was used was 8.2 puWcem~2 at 19.1 pAcm—2.
When the Nafion® membrane was used it is 22.1 uWcm™2 at
47.6 pnAcm—2 and when TiO, layer was used these values were
10 W cm~2 at 27.7 wAcm~2. The output is improved by using an
adhesive layer. As shown in figure, the decrease in resistance of
the whole MEA is notable. But, only values where output is low
were obtained. It is thought that there is a problem in the elec-
trode. The value was approximately 5 times higher in comparison
with one generally used PEFC with of Pt/C of which 20 nm grain
size of the platinum layer was used as the anode and cathode and
is considerably large. From this, the specific surface of Pt turned
to be small and that catalyst activity would be low also. In addi-
tion, not only the cathode electrode, it is also necessary to increase
three-phase circuit boundary in the anode electrode to obtain high
power and current densities. The electrode adhesion in the elec-
trolyte was improved by forming adhesive layer as indicated in the
above section. It is understood from there, which the resistance of
MEA decreases. But, the output is still low value. As for the platinum
sputtered layer which it has been verified to have low power out-
put, as an anode as shown in Fig. 7, platinum grain size ~20 nm is
approximately 5 times more in comparison with Pt/C which is used
as the catalyst for PEFC. Because grain size is large, in addition to the
small specific surface area, catalyst activity decreased. In addition,
with the platinum sputtered layer it is thought that formation of
three-phase boundary is limited. From these things it can be said
that, itis important to use the catalyst whose three-phase boundary
is high even in the anode electrode. But, when the electrode which
uses Pt/C on the substrate is used, formation of the glass thin film is
difficult. As it is lacking in heat resistance, it is difficult to produce
MEA with the former. So, it is necessary to examine the production
method of new MEA.

In order to solve this problem, the fabrication of MEA
which makes both electrodes on the identical surface of elec-
trolyte was tried. And, the fuel cell performance of the MEA
was evaluated. The substrate used for conductivity measure-

Fig. 26. Hydrogen-oxygen fuel cell mechanism.

ment and for current/voltage characteristics measurement was a
slide glass (MATSUNAMI Company). The conductivity measure-
ment was made in the thermo-hygrostat (the ESPEC corporation
make, SH-221) after temperature and humidity has become fixed
(approximately 1 h). As for measurement temperature, it was 30 °C,
as for relative humidity, it is changed within 40-80% RH.

3.4. Fabrication of MEA

First, the produced 5P,05-95Si0, precursor solution after 1h
aging, was coated on slide glass substrate by spin coating at
2000rpm, and then followed by heating in the furnace at 400°C.
The carbon paper with the catalyst slurry which was produced, the
anode and the cathode electrodes were installed on the glass thin
film surface. The lead wire was installed with silver paste as an
adhesive on these electrodes. The device which is used for the mea-
surement of current/voltage characteristics is shown in Fig. 26. The
lead wire was installed on both electrodes with the silver paste as an
adhesive. With the adhesive ([semedain] (Inc.) and SUPER X clear-
ing) of silicon type, the silicon tube supports were attached on thin
film and after 24 h drying; it was installed in the hydrogen-oxygen
electric battery cell. On anode electrode side, the H, gas with flow
rate 50 mL min~! while a flow of 50 mLmin~! of circulated O, gas
on cathode electrode side was allowed. Voltage and electric cur-
rent between the terminals were measured making use of Solartron
1287 types ELECTROCHEMICAL INTERFACE.
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Fig. 27. Relative humidity dependence of resistance when the distance d between
the electrodes is changed (electrode length =13 mm, electrode width=5 mm, film
thickness, t=250 nm of the glass thin film at 30°C).

3.5. Resistance evaluation

3.5.1. When the distance between the electrodes is changed

The relative humidity dependence of resistance at 30°C when
the distance d between the electrodes was changed is shown
in Fig. 27. The value of resistance at 80% RH when distance d
between the electrodes is 1,2, 3 and 4 mm was 7.7 x 10, 2.1 x 108,
3.4 x10°% and 4.7 x 10% Q, respectively. As distance between the
electrodes increases, the resistance also increases. It is understood
that the decrease in resistance is possible, from the result, by mak-
ing the distance between the electrodes short. In the identical face
form (referring to the way the assembly was made), the distance
between the electrodes is suitable for film thickness.

3.5.2. When the film thickness of the glass thin film is changed

The relative humidity dependence of resistance at 30°C when
the film thickness t of the glass thin film changed is shown in
Fig. 28. The value of resistance at 80% RH, when film thickness t
was 750, 440 and 170 nm was 3.7 x 106, 8.9 x 106 and 1.1 x 107 €2,
respectively. As film thickness increases, resistance decreases. In
the identical face form (referring to the way the assembly was
made), the electrode area and electrode length is thought to be
suitable to the cross-sectional area part of the glass thin film.

3.5.3. When the electrode width is changed

The relative humidity dependence of resistance at 30°C when
the electrode width changed is shown in Fig. 29. The value of
resistance at 80% RH when electrode width is 2, 5 and 8 mm
was 9.3 x 10°, 1.1 x 106 and 2.0 x 106 , respectively. As electrode
width becomes smaller, resistance decreases. In the identical face
form (referring to the way the assembly was made), conduc-
tion route of the proton was thought as, distance d +2 x electrode
width between the electrodes. Because conduction route becomes
shorter, due to the fact that electrode width becomes smaller, the
resistance decreased.

3.6. Fuel cell performance

InFig. 30, the impedance spectrum at 0.6 V of the fabricated MEA
is shown. When electrode width is 4 or 9 mm, internal resistance
values were about 0.37 and 1.7 Q2 cm? while for charge-transfer
resistance the values were 0.81 and 0.95 2 cm?, respectively. In

Fig. 28. Film thickness t the relative humidity dependency of resistance when the
film thickness t is changed (electrode length =13 mm, electrode width =5 mm, dis-
tance d =4 mm between the electrodes at 30°C).

comparison with the bulk glass, internal resistance and charge-
transfer resistance decreased. As for the bulk glass, the electrolytic
surface is not even, the contact area of the electrode is not sufficient.
But, the glass thin film surface is thought to be even and the contact
area of the electrode increases. In addition, the internal resistance
was decreased by making electrode width narrow. As for this, when
the electrode is arranged on the surface, conduction route of the
proton becomes short, due to the fact that resistance decreases. In
Fig. 31, the electric current-voltage characteristics of the fabricated
MEA are shown. When electrode width is 4 or 9 mm, the current
and power output values were 147.1 mAcm? and 73.8 mW cm?;
and 68.2 mA cm? and 27.2 mW cm?, respectively. It is thought that
catalyst reaction efficiency in three-phase boundary improved and
higher outputs can be obtained with the electrodes used. In addi-
tion, high output value was observed when electrode width is small.
This corresponds with the fact that internal resistance is decreased.

Fig. 29. The relative humidity dependence of resistance when electrode width is
changed (electrode length =13 mm, distance=1mm between the electrodes, film
thickness t=750 nm of the glass thin film at 30°C).
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Fig.30. Theimpedance spectrum at 0.6 V of the identical face form MEA (distance = 1
between the electrodes mm, film thickness t = 750 nm of the glass thin film, electrode
length =9 mm, room temperature and 100% RH).

Fig. 31. Electric current-voltage characteristic of the identical face form MEA (dis-
tance d=1mm between electrodes, film thickness t=750nm of glass thin film,
electrode length =9 mm, room temperature and 100% RH).

4. Conclusions

In this study, the goal of decreasing the resistance of the whole
MEA by the use of TiO; layer and Nafion® membrane as adhesive
layer was realized. The facts in this work which became clear are
shown below.

1. TiO, layer showed the degree
2.2x104Scm~! at 30°C and 90% RH.

2. By the fact that bonding was promoted with hot pressing, cath-
ode peeling off was prevented with Nafion® membrane as an
adhesive layer. In addition, through TiO, layer, it stuck to MEA
when TiO, layer was used as adhesive layer; with the platinum
electrode and the glass thin film, exfoliation was not happened.

3. The degree of conductivity in the membrane vertical direction
of the sample with TiO, layer was improved approximately 2.5
times in comparison with when TiO, layer is not used.

4, When TiO,, layer was used as adhesive layer, 100 nm thickness
was determined to be the optimum.

5. The internal resistance of MEA was decreased with the Nafion®
membrane or TiO, layer as adhesive layer, the value was

of conductivity of

4.9 x 103 Q cm?, in comparison with 1.7 x 103 Q cm? when no
adhesive layer was used. Because adhesion between electrolyte
and electrodes increases, the resistance of the whole MEA
decreased together.

6. As for the maximum power output of MEA which uses the
Nafion® membrane or TiO, layer as adhesive layer, the value
was 22.1 wW cm~2 and for the case without adhesive layer, the
value was only 10.3 uWcm~2. In addition, it is thought that
when it uses the Nafion® membrane as adhesive layer, the
increase in three-phase circuit boundary of cathode electrode
side had contributed to the improvement of output.

7. As for the charge-transfer resistance of MEA, around
5.0 x 103  cm?, which uses the Nafion® membrane for adhe-
sive layer, the change was not seen in comparison with when
it was not used. In addition, in the case of TiO, layer, with a
value about 1.9 x 10* Q cm?, it increased in comparison with
when no TiO, layer was used. Together, the Pt-sputtered layer
as an anode electrode, it is thought that the limited formation
of three-phase circuit boundary in this electrode has had an
influence on the increase of charge-transfer resistance.

The fabrication of the identical face form MEA which uses the
glass thin film and the evaluation on its fuel cell performance
was studied.

The resistance could be decreased by making the distance
between the electrodes smaller. The distance between the elec-
trodes is related to film thickness.

8. The resistance could be decreased by increasing the film thick-
ness, t. In the identical face form, the electrode area and
electrode length were suitable to the cross-sectional area part
of the glass thin film.

9. The resistance could be decreased by making electrode width
smaller. In the identical face form, conduction route of the pro-
ton (distance d+2 x electrode width between the electrodes)
became short, due to the fact that electrode width became
short.

10. The low internal resistance in the time of fuel cell operation
occurred when electrode width is small.

11. The power output of the fabricated MEA 73.8mWcm=2 is a
high value. The three-phase boundary is high in the anode and
cathode, along with that the catalyst efficiency improvement.
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