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Proton conduction in glasses prepared
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Phosphosilicate glasses were prepared using both sol-gel and conventional melting methods, and proton conductivity of these
glasses was investigated. Glasses prepared by sol-gel method are porous, and proton conductivity increases significantly by
absorption of water. The pore structure, especially pore size, is a crucial factor in order to obtain high proton conductivity in wide
temperature/humidity ranges. On the other hand, in the case of glasses prepared via conventional melting method, proton
incorporation into the glasses as well as decreasing alkali cation conductivity by utilizing the mixed-alkali effect are indispensable.
Proton conduction mechanisms in these glasses are discussed.
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1. Introduction

Solid electrolytes with high H* or O?~ ions conductivities
have attracted considerable attention because of their potential
applications as gas sensors and fuel cells."? Polymer electrolyte
fuel cells (PEFCs) using H™ conducting polymer membranes
(e.g., Nafion®, operating below 100°C),>*¥ and solid oxide fuel
cells (SOFCs) using O>~ conducting inorganic electrolytes®~”
(e.g., yttrium-stabilized ZrO,, operating around 800°C) have
been offered commercially. Although perfluorosulfonate iono-
mers exhibit high proton conductivity of ~0.1S/cm, the con-
ductivity decreases around 100°C, because of their inability to
contain water. Nafion® films are susceptible to deformation based
on their repetition of the adsorption and desorption of water.9?
In addition, their thermal and chemical degradations around
100°C would limit their applications. On the other hand, the
operation temperature of ~800°C for SOFC is too high, and a
heat-stable framework is required for SOFCs, leading to increase
the fabrication cost.

Polymer electrolytes show a high proton conductivity when
they absorb water molecules, and the state of the water includ-
ing hydroxyl groups has been considered as a crucial factor
for high proton conductivity. The protons in glasses exist mainly
as OH groups. From the 1950’s, studies about the amount of
water,'? solubility of water under ambient or high pressure
conditions, "' bonding state, hydrogen bond for glass or glass-
melt have been performed using Fourier transform infrared
(FTIR), Raman and nuclear magnetic resonance (NMR) spec-
troscopies.'> 29 The states of the OH groups in glasses were
first studied extensively by Scholze, for silicate glasses.?! It is
noteworthy that there are only a few protons inside melting-
glasses. For typical oxide glasses, the melting temperatures of
glasses are higher than 1000°C, and the OH groups evaporate
during the melting procedure. Also, the Pauling electronegativity
of H is 2.1, which is much higher than that of Na (0.9). Therefore,
—~O~ and H ionic pairs are strongly bonded to each other, leading
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to a high dissociation energy of the proton. It has therefore
generally been accepted that protons in oxide glasses are much
less mobile than other cations such as alkali-metal or Ag™ ions; for
example, Doremus estimated that in silicate glass the mobility of
Na* ions is 10* times that of protons.??2%

Unlike melting-glasses, by utilizing a sol-gel method, porous
glasses with a large amount of water molecules can be obtained.
Stable inorganic materials with high conductivity over a wide
temperature range, if developed, would extend beyond the
limitation of PEFC and SOFC. In this paper, proton conduc-
tion in glasses prepared via sol-gel and melting techniques is
discussed.

2. Proton conduction in sol—gel-derived
nanoporous glasses

Porous phosphosilicate 5P,05-95Si0, (mol %) glasses were
prepared by the sol-gel method.?>-*®) The synthesis of these solu-
tions was done at room temperature. The detailed preparation
procedures are given in elsewhere.?”) The obtained solutions were
clear and were left for several weeks to form stiff gels in Petri
dishes. The dried gels were heated at 50°C/h to 600-700°C and
held at that temperature for 5 h, and the thickness of the obtained
glass plates was about 0.3 mm.

The P°* and Si** ion contents in glasses were determined by
inductivity coupled plasma spectroscopy. The powder samples
were dissolved in a KOH solution. Specific surface area, pore
volume and pore size distribution were measured using a
Quantachrome NOVA 1000 nitrogen gas sorption analyzer. All
the samples were heated in advance at 250°C in a vacuum in
order to remove the adsorbed water remaining in the pores. The
pore size distribution was determined by the Barrett-Joyner—
Halenda (BJH) method.?®

The electrical conductivities for glasses, measured without
exposure to an ambient atmosphere after the heat treatment,
are lower than ~1 x 1077 S/cm at room temperature. When the
glasses are exposed to ambient air, they absorb water. Corre-
spondingly, the conductivity increases and reaches a constant
value within several tens of minutes. The conductivity is not
unconditionally determined by the pore volume.
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Fig. 1. Relative humidity dependences of the proton conductivity,
measured at 30°C, for samples No. 1 and No. 2. Open and closed marks
indicate the adsorption and desorption branch of humidity, respectively.

Table 1. Specific surface area, pore volume, average pore radius and
molar ratio of P and Si atoms of glasses

Sample p/si Pore volume  Specific surface ~ Average pore
No. (cm?/g) area (m?/g) radius (nm)

1 0.058 0.44 584 1.5

2 0.155 0.52 130 8.1

The conductivities for two typical porous glasses, measured
after exposure to ambient humidity for long period at 30°C,
are plotted in Fig. 1 as a function of the relative humidity.
The pore structures (pore volume, specific surface area and
pore radius) and P/Si compositions are summarized in Table 1.
The conductivities were measured upon increasing the relative
humidity from 30 to 90%, followed by decreasing it from 90 to
30%. It is evident that the conductivity increases with increasing
relative humidity, however the humidity dependence is substan-
tially different between the two samples. In the sample No. 1, the
conductivity is &1 x 107%S/cm at 30%RH, and rapidly increases
with increasing humidity, reaching a constant value of ~1 x 1072
S/cm at the humidity above 70%RH. Note in Fig. 1 that sam-
ple No. 1 maintains high conductivities of ~1072S/cm during
decreasing humidity, though gradually decreasing at a humidity
below 50%RH. This result indicates that the glass, exposed once
to high humidity, holds the water in its pores and exhibits a high
conductivity irrespective of the humidity change. This finding
is important for the practical application of the sol-gel-derived
porous glasses, because they allow a simple water management
for fuel cell operation, consequently resulting in a significant
decrease in the operating cost of fuel cell. On the other hand,
the sample No. 2 exhibits a gradual increase in the conductivity
with increasing humidity up to 80%, at which the conductivity
rapidly increases and reaches 5 x 1072S/cm. The conductivity
of sample No. 2 reversibly changes with the changed humidity.

At high relative humidity regions, the glass with larger pores
shows higher conductivity. Similar result was obtained for
porous SiO, glasses. By utilizing pulse field gradient NMR
technique,>”? it was found that the proton mobility changes
clearly with the pore size; e.g, the proton mobility of 2-nm (pore
radius) and 1-nm SiO, glasses were 2.7 x 10~ and 1.7 x 10~*
cm?/V's, respectively.’!

The proton motion in the porous glasses was investigated
based on the measurement of the relaxation dynamics using
"H NMR spectroscopy.*?¥ The spin-lattice relaxation time was
measured by using the standard inversion recovery technique. It
was found that the relaxation time decreases for water molecules
adsorbed in the glasses with small pores. The deviations of the
relaxation time from that of the free water (T, = 2.7 s) are plotted
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Fig. 2. Relationship between the spin—lattice relaxation time of proton
and average pore radius. The values in the ordinate are shown as the
deviation from the relaxation time of free water.

Temperature / °C

-100
T

g -

o AT %

e °r .

_8’ -6__ DM\_ ."...
TE 5% 50 0 e
-8 I R R BT
25 3 35 4 45 5 55 6

1000K/ T

Fig. 3. Temperature dependence of proton conductivity of samples
No. 1 and 2.

in Fig. 2 as a function of the pore size. The deviation becomes
significant below 5nm in pore radius (so-called a confinement
effect). Sample No. 1 has pores with an average size of 1.5nm,
and the motion of the water molecules is restricted by the small-
sized pores, resulting into decrease the proton mobility.

It is known that water in nanopores does not freeze around
0°C. Figure 3 shows the conductivity dependence on temperature
for samples No. 1 and 2. The conductivities were measured in
constant humidity of 90%RH, except for the temperature below
0°C. For conductivity measurement below 0°C, the sample was
kept at 90%RH and 5°C and then the temperature was decreased
to below 0°C, at which the conductivities were measured.>® Note
that the conductivities for sample No. 1 are well represented
by one Arrhenius equation down to around —40°C, at which the
conductivity deviates from the linear relation to follow a differ-
ent line with a large activation energy. The freezing temper-
ature of water in sample No. 1 was determined by the differential
scanning calorimetric experiment, which was —40°C (inset of
Fig. 3), consistent with the discontinuous points observed in the
conductivity-temperature curves. Around —100°C, the Cole—Cole
plot was not obtained because of its very high resistance. On the
other hand, the conductivity of sample No. 2 abruptly decreases
around 0°C. The water molecules confined in the small-sized
pores are limited in motion and the freezing temperature decreased
as the pore size decreases.’®>® The high activation energy for
proton conduction in the temperature range below the freezing
point indicates that the solid water molecules do not work to
accelerate the proton hopping.

Figure 4 shows the 'H combined rotation and multiple pulse
spectroscopy (CRAMPS)*? spectra measured at various tem-
peratures down to —110°C. The spectra were measured upon
decreasing temperature from 20 down to —110°C. A single peak
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Fig. 4. 'H CRAMPS spectra recorded at 200MHz with a BR-24
pulse sequence at various temperatures for 5SP,05-95Si0, (mol %) glass.
Arrows indicate the deconvoluted-peak positions.
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Fig. 5. (a) 'HNMR spectra and the calculated k values, and
(b) Arrhenius plot of the £ from 0°C down to —50°C.

was observed from room temperature to around —70°C, and then
the peak width became broad as the temperature decreases. Note
that the sample at —90°C has broaden bands peaking at =7, 9
and 14 ppm, which are assigned to the protons of Si—-OH, water
molecules and P-OH, respectively. These NMR features strongly
suggest that no proton exchange is taken place between the
hydroxyl and the absorbed water molecules at —90°C or below.

The rate constant k£ for the proton exchange between P-OH,
Si—OH and water molecules was calculated from the line width of
NMR spectra, and results are shown in Fig. 5(a). The activation
energy for the proton exchange was 10kJ/mol [Fig. 5(b)], which
is in good agreement with the activation energy for the proton
hopping calculated from the conductivity data.

Unlike the commercially available polymer electrolyte, the
glasses having small pores exhibit high conductivities even at
temperatures below 0°C, and the controlling pore structure,
especially pore size is quite necessary to manage the water.

3. Proton conduction in melting glasses

Although perfluorosulfonate ionomers (e.g. Nafion®) or sol—
gel-derived porous glasses exhibit high proton conductivity, their
industrial applications are limited by their low operation temper-
atures (<100°C). Fuel cell operation higher than 100°C in dry
conditions is desired to increase the total efficiency, CO tolerance
of Pt electrodes, increase the electrode reaction rate, and sim-
plify system integration.*”? This has promoted a great interest
in developing a new electrolyte with high proton or oxygen
conductivity at intermediate temperature (300-500°C).

Na,0-B,0;3-Si0, Na,0-B,0; phase
glass (High polarity)
heatlng
Phase
separation

SiO, phase
(covalent bond)

Chemical stability
High conductivity

Fig. 6. Schematic illustration of the spinodal type phase separation of
borosilicate and phosphosilicate glasses.
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Fig. 7. Relationship between the hydrogen partial pressure (P;/P,) and
electromotive force (EMF) of spinodal glasses at 500°C. The symbols
in the figure are for the following glasses: black triangle, B 9.4Na,O-
25.4B,05:65.2Si0, (mol%) doped with 3% of P,Os; black circle,
15Na,0-35P,05-50Si0, (mol %); black square, 7.5Na,0-7.5K,0-
35P,05-50S1i0; (mol %).

Borosilicate and phosphosilicate glasses show typical spinodal-
type phase separation by heating around those glass transition
temperatures. As shown in Fig. 6, the ionic phase after the phase
separation of glasses and the ionic channel of polymer electrolyte
are similar, and it was reported that ionic conductivity increases
after the phase separation.*>) It was anticipated that a high proton
conducting glasses can be obtained by utilizing the spinodal-type
phase separation.

Borosilicate and phosphosilicate glasses were prepared using a
conventional melting method. All glasses were X-ray amorphous.
The proton transport number (zy) of the glasses were estimated
using a hydrogen concentration cell, and the relationship between
electromotive force (EMF) and hydrogen partial pressures was
measured (Fig. 7). The borosilicate glass (9.4Na,0-25.4B,05-
65.2Si0, mol %) had ty ~ 0, which indicates that few protons
migrate in this glass. By contrast, when P,Os (amount-of-sub-
stance fraction 3 mol %) was added to the borosilicate glass, the
ty was 0.23 at 500°C. Furthermore, the #4 of the phosphosilicate
glass*® (15Na,0-35P,05-50Si0,) increased up to 0.58 at the same
temperature. However, in these borosilicate and phosphosilicate
glasses, Na™ ions migrated in addition to the protons, and these
glasses were not applied as fuel cell electrolytes.

The pronounced changes in properties resulting from the
addition of a second alkali oxide to a glass have been called the
mixed-alkali effect.*>*7 The mixed-alkali effect refers to the
large reduction of two to five orders of magnitude in the elec-
trical conductivity that occurs when two or more alkali oxides
are mixed. To decrease the mobility of Na™ ions, a mixed-alkali
glass with both sodium and potassium ions was prepared. It is
immediately apparent in Fig. 7 that the #y of the mixed-alkali
glass is increased to approximately 1.0. The data also suggests that
the transport of protons is independent from that of alkali ions.
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Fig. 8. (a) Fuel cell performances, and (b) durability test under the
OCV condition using pure hydrogen and oxygen gasses for the mixed-
alkali glass at 500°C.

Fuel cell performances were measured using the mixed-alkali
glass, and the result is shown in Fig. 8(a). The anode and cathode
electrodes used were Ni and Bag 5SrysFeq»,Co0303,*® respec-
tively. Dry hydrogen (anode) and oxygen (cathode) gasses were
supplied. The open-circuit voltage (OCV) of the mixed-alkali
glass was ~1.15 V. This value is much higher than that typically
observed in polymer-based fuel cells (0.9-1.0V). The result
of lifetime measurement under the OCV condition is shown
in Fig. 8(b). For the lifetime measurement, sputtered Pt elec-
trodes were used. Note that the OCV remains unchanged and
no degradation was observed for at least ~750 h. This suggests
the phosphosilicate glass with spinodal type phase separation is
electrochemically/thermally stable around 500°C.

Similar to the typical oxide glasses, this mixed-alkali glass has
few OH groups at the as-depo condition. To understand proton
conduction mechanism under the fuel cell condition, an in-situ
FTIR measurement was performed. CaF with 20 mm in diameter
was used for IR window. Detailed experimental condition was
described in elsewhere.*”

The H, molecule reacts at the Pt anode side as follows;

H, — 2H" 4 2e~

IR beam went through between the electrodes. Glass sample was
heated at 300°C by using a micro-heater with a k-type thermo
couple. Proton (OH groups) concentration during the pseudo-fuel
cell operation was monitored by using the handmade in-situ FTIR
equipment. Figure 9(a) shows FTIR spectra at 2700-3200 cm™!
region. Relationship between Aabs. (at 2900 and 3400 cm™!)
and the voltage-apply-time is shown in Fig. 9(b). The absorbance
at 4000cm~! is also plotted as background because there is
no absorption band for the glass at that wavenumber. The Aabs
is denoted as follows;

Aabs = abs(t) — abs(initial)

where abs(t) is the absorbance after applying 1V for ¢ minutes,
and abs(initial) is the absorbance before applying 1V. Note
that OH groups observed at 2900 cm™! increase gradually after
applying 1V, and then the value of Aabs seems to reach a
constant value. It is evident that protons dissociated from H, gas
at the Pt electrode can infiltrate into the phosphosilicate glass,
resulting into increase the OH groups. Interestingly, no significant
changes in absorbance were observed around 3400 cm™' during
the same measurement. The absorption band observed around
2900 cm™! is assigned to OH stretching mode of P-OH groups,>”
whereas that observed around 3400cm™! is assigned to OH
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Table 2. The resistance of the mixed-alkali glass

Cell setup Resistance (k€2)
(100% H,) Pt |glass| Pr (1% Hy—99% Ar) 2.6
(100% Ar) Pt |glass| Pr (100% Ar) 28

stretching mode of H,O. It is clear from the in-situ FTIR results
that protons infiltrated into the glass exist as P-OH groups. The
non-bridging oxygen P=0 (" indicates an unshared electron pair)
may work as an acceptor site for the proton.

The electrochemical potential difference between Pt electrodes
is also generated by using hydrogen concentration cell. Likewise
the cell setup for the measurement of #y, 100% of H, gas was
exposed to a side of the glass and 1% H, (99% Ar) was exposed
to the other side (Table 2). Pure Ar gas was also used as refer-
ence. It is interesting that the electrical resistance measured under
hydrogen atmosphere was approximately one order of magni-
tude lower (2.6k<2) than that measured under Ar (28 kS2). This
result indicates that the main carrier is proton in the hydrogen
concentration cell. As shown by FTIR results, the conductive ion
carriers increase owing to the proton incorporation, resulting into
decrease the resistance.

4. Conclusion

Proton conduction mechanism of glasses prepared via sol-gel
and conventional melting methods are reviewed. Sol-gel-derived
glasses are porous, and proton conductivity of these glasses
increases by absorption of water. The dynamics of water molec-
ules absorbed in nanopores are significantly restricted, especially
less than 5nm in pore radius, and proton mobility decreases with
decreasing pore size. On the other hand, at sub-zero temperature
region, porous glasses with ~1 nm pores (radius) show relatively
high proton conductivities down to —100°C. Such low-temper-
ature proton conduction does not observe for polymer electrolytes.

Glasses prepared by melting method show very low proton
conductivity because of their low carrier-density. Fourier-trans-
form infrared (FTIR) measurements showed that protons dis-
sociated from H, gas at the Pt electrodes incorporate into the
glasses, and the proton conductivity increases as a result of
an increase in the carrier (proton) concentration. Although the
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maximum power density of the fuel cell is not large at present,
the OCV of ~1.1V was successfully obtained at 500°C. Glass
electrolytes have various advantages such as chemical and
thermal stabilities, good formability, and low fabrication costs,
and are promising candidates as electrolytes for intermediate-
temperature fuel-cells.
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