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Preparation of silica-based proton conductors for intermediate temperature fuel cells
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Abstract—The ternary system SiO,-P,05-ZrO, electrolyte and phosphotungstic acid (PWA) doped SiO,-P,0;-ZrO,
electrolyte were prepared for intermediate temperature fuel cell by using sol-gel technique. These silica-based proton
conductors were confirmed to be non-crystalline structure without phase separation and good thermal stability by XRD
and TG/DTA analysis. The doped PWA was found to be stabilized within the silica matrix and to enhance the proton
conductivity. The proton conductivities of SiO,-P,0s-ZrO, and SiO,-P,0s-ZrO,-PWA electrolytes showed 3.3x107° and
1.8x107 S/cm at 90 °C, respectively, and the cell performance of SiO,-P,05-ZrO,-PWA electrolyte was obtained as

0.02-0.25 mA/cm? at 300 °C under humid condition.
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INTRODUCTION

Solid proton conducting materials are attracting much attention
due to having potential practical applications in clean energy fields
such as fuel cells, batteries, sensors, and electrolysis, etc. [1,2]. The
properties of solid-state electrolytes can be summarized in terms of
proton conductivity and stability of various operation conditions.
Recently, considerable research efforts have been devoted to develop
the fuel cell at temperatures between 200 and 500 °C, which is a
promising operating temperature range for both material science
and energy conversion processes [3]. Although a wide variety of
proton conducting materials have already been proposed for the
electrolytes, the development of chemically and thermally stable
proton conductors still remains a prime open subject in fuel cell de-
velopment [4-6]. A number of advanced features should be expected
for operating PEMFC at temperature range of 150-300 °C due to
promoting the electrode kinetics and enhanced durability of Pt cat-
alyst by CO poisoning [7].

The sol-gel derived silica based glasses membranes have been re-
ported for proton conducting materials as thermally stable electro-
lyte for fuel cells [8]. The hydroxyl groups such as Si-OH, P-OH
and Zr-OH on the pore surfaces of inorganic oxides are bonded with
water molecules, and the proton conduction is associated with proton
hopping between hydroxyl bonds and water molecules [9-11]. Uma
et al. have reported that proton conductivity of SiO,-P,0,-Z1O, glasses
was shown around 10*-107 S/cm at temperature range of 30-90 °C
[12]. The hydrogen in P-OH groups is more strongly hydrogen-bond-
ed with water molecules than in Si-OH groups so that a high tem-
perature is necessary to remove the water from P-OH, but phos-
phate lacks chemical and thermal durability. For this reason, intro-
duction of cations such as Zr*" into phosphosilicate glass improves
chemical and mechanical stability [13].

The ion conductivity is proportional to the concentration of the
mobile protons within the electrolyte. One of the approaches is used
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to modify the membrane with an appropriate acidic solid, melt or
solution of low volatility to increase proton conductivity [14]. In
particular, hydrophilic additives such as phosphotungstic acid (PWA),
zirconium phosphate (ZrP) and silicotungstic acid (SIWA) have show-
ed significantly improved water retention property at higher tem-
perature [15]. The basic structural unit of PWA is the Keggin anion
(PW,,0,)" which consist of the central PO, tetrahedron surrounded
by four W,0; sets interconnected with hydrogen-bonded water mol-
ecules [16]. The PWA clusters stabilized within the silica network
structure provide an acid-rich amorphous inorganic phase, so that
the proton conduction can be facilitated through the polyacid-sites
by Grotthus mechanism [17,18]. The presence of the PWA is ex-
pected to enhance the retention of the hydrated water and thus im-
prove the proton conductivity even in a dry atmosphere. Nogami
et al. reported that proton conductivity of about 10> S/cm was ob-
tained by using P,0O5-SiO,-PWA electrolytes at 90 °C [19].

In this present study, we have successfully synthesized SiO,-P,Os-
71O, and PWA doped SiO,-P,0,s-ZrO, electrolytes by using sol-
gel technique and investigated the thermal, chemical and electro-
chemical properties of these proton conductors for the application
of intermediate temperature fuel cell. The silica-based proton con-
ductors obtained by sintered process were a porous and crack-free
transparent monolithic in features. The in-situ incorporated PWA
was used to reinforce the proton mobility in silica network. The H,/
O, fuel cell performance using SiO,-Z1rO,-P,O; and SiO,-Z1O,-P,0;-
PWA electrolytes up to 300 °C is discussed diligently.

EXPERIMENTAL

A schematic preparation method of silica-based electrolytes via
the sol-gel process is shown in Fig. 1. A dilute solution of Si(OC,Hs),
with C,H;OH was pre-hydrolyzed with a solution of H,O (0.1 N-
HCI aq) in the molar ratio of 1 : 1 per mol of tetraethyl orthosili-
cate and stirred for 1 hour. A solution of Zr(OC,H,), mixed with
C,H,OH in molar ratio of 1 : 5 was added, followed by stirring for
30 min. A solution of PO(OCHs,), dissolved in C,H;OH with five
times moles was added drop by drop under stirred condition in the
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Fig. 1. Flow chart of synthesis for silica-based proton conductors
by sol-gel method.

above solution. After 30 min stirring, 1 ml HCONH, was added
per 5 g alkoxide solution for 30 min with continuous stirring. For
the preparation of SiO,-P,04-ZrO, electrolyte, the mixture of pre-
cursor solutions was vigorously stirred for 1 hour to get a homoge-
neous solution at room temperature and the solution was poured
into petri dish to form gel at room temperature for 2 months. The
gel was sintered at 700 °C for 5 hours to get completely condensed
alkoxide. The H,PW,,0,, solution was prepared by deionized water
with appropriate amount for the required stoichiometric for alkox-
ide hydrolysis and added to the above solution before the sol-gel
formation on the petri dish. The PWA-doped silica-based electrolyte
was obtained by using the same above-mentioned procedure except
the gel was sintered at 400 °C.
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Fig. 2. Schematic of the single cell for H,/O, fuel cell.

The average pore size, total pore volume and the specific sur-
face area of synthesized electrolytes were determined by nitrogen
adsorption technique using N, at 77 K (ASAP-2010, Micromerit-
ics). X-ray diffraction patterns were recorded for the electrolytes
powder by a Rigaku Denki D/max-IIIC instrument using Cu-K,,
radiation in steps size of 0.02° and recorded from 5° to 60°. Ther-
mogravimetric and differential thermal analysis (TG/DTA) data were
obtained with a Shimadzu TA-50 series instrument with a heating
rate of 20 °C/min from room temperature to 800 °C under N, at-
mosphere. The Fourier transform infra red spectroscopy (FTIR)
data for the PWA, PWA doped and undoped SiO,-P,0,-Z1O, were
collected with an ATR system (Smiths, Travel IR). The catalyst slurry
was prepared by mixing of Pt/C (60% Pt, E-TEK) powder with iso-
propanol and silica sol. The catalyst shurry was pasted on gold-coated
Ni-sponge and dried at 80 °C for 1 day to remove the solvents from
the catalyst layer. The active surface area of the electrode was 0.38
cm’. The membrane electrode assembly (MEA) was mounted in a
single cell, and assembled by four screws carefully. A schematic
representation of MEA and single cell for fuel cell performance is
presented in Fig. 2. The proton conductivity was measured with an
impedance analyzer (Autolab, PGSTAT-30). Impedance spectra were
recorded in a frequency range from 0.1 Hz to 10 kHz with voltage
amplitude of 10 mV in fully humidified hydrogen and oxygen. The
performance of the cells was measured by multimeter (Keithley,
2000) connected to a power supply (Agilent, 6060B) at ~300 °C and
cell temperature was controlled by heating stick. Flow rate of hydro-
gen and oxygen was 50 ml/min with fully humidified conditions and
Pt loading was about 0.1 mg/cm” for anode and cathode respectively.

RESULTS AND DISCUSSION

The dried gels at room temperature were clear and crack-free
monolithic features. During the sintering process, the gels were shrunk
due to dehydration-condensation of the hydroxyl groups, and the
transformation occurs in the gel to highly transparent and yellow
colored silica-based electrolytes (thickness about 0.5-1 mm), as shown
in Fig. 3. The high transparency indicates that all the components
were blended homogeneously at molecular level and PWA clusters
were incorporated in silica gel matrix. N, adsorption-desorption iso-

N
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Fig. 3. Photograph of SiO,-P,0.-ZrO, and SiO,-P,0:-ZrO,-PWA
samples.
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Fig. 4. Pore size distribution for the (a) SiO,-P,0.-ZrO, and (b)
Si0,-P,0.-ZrO,-PWA samples.
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therms and pore size distribution of two different type samples are
shown in Fig. 4. The composition and surface properties of these
electrolytes are summarized in Table 1. The specific surface area
and pore volume of PWA doped SiO,-P,0s-ZrO, are smaller than
in SiO,-P,0,-Z10, electrolytes, on the other hand, the average pore
size is large. This suggests that the PWA clusters were entrapped in
the nanopore of silica electrolytes homogeneously.

The XRD patterns of pure PWA, SiO,-P,0,-ZrO, and SiO,-P,O-
Z10,-PWA electrolytes are shown in Fig. 5. It shows only one broad
peak at 2@ values around 20-35° which is an indication of the typical
amorphous silicate characteristics of the electrolytes. No X-ray dif-
fraction peak for PWA appeared in the spectrum of SiO,-P,0s-Z10,-
PWA electrolyte, only a little shift of broad peak forwards the right
side. This behavior suggests that the dispersed PWA interacts well
with silanols from silica, which is the cause for the formation of
amorphous structure.

TG/DTA curves for the SiO,-P,0;-Z1O, and SiO,-P,0;-Z1O,-PWA
samples are shown in Fig. 6. A drastic weight loss (about 17%) was
observed between 20 °C and 100 °C with an endothermic peak of
around 70 °C in both of the samples. This weight loss can be at-
tributed to the evaporation of residual alcohols and water molecules.
The consequent weight losses (about 12-15%) up to ~350 °C are
due to the removal of more structural water from PWA, organic sol-
vents and water generated during the sol-gel reactions. The weight
loss rates are lower above 350 °C, but continuous up to 800 °C. An
exothermic peak at 40 °C in the DTA curve at is due to the decom-
position of the silane molecule chains that are bonded to the silica
network. A broad exothermic peak was observed at about 650 °C
without noticeable weight loss in Fig. 4(b), it is assigned to the partial
decomposition of the heteropoly acid sites [20].

The FTIR transmittance spectra for the pure PWA, SiO,-P,0s-

Si0,-P,0,-Zr0,-PWA

L

Si0,-P,0,-210,

Intensity

PWA

20 (degree)

Fig. 5. XRD patterns of the pure PWA, SiO,-P,0,-ZrQO, and SiO,-
P,O:-ZrO,-PWA samples.

Table 1. Composition, synthesis condition and properties of SiO,-P,0,-Zr0O, and SiO,-P,0,-ZrO,-PWA samples

Sample Composition Sintering temp. Specific surface area Pore volume Pore radius
P (mol%) () (m¥g) (cm'g) (nm)

Si0,-P,0;5-Zr0, 80:10:10 700 716 0.32 23

Si0,-P,04-ZrO,-PWA 84:10:5:1 400 518 0.26 2.5

July, 2009
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Fig. 6. TGA/DTA curve for the (a) SiO,-P,0+ZrO, and (b) SiO,-
P,0:-ZrO,-PWA samples.

710, and SiO,-P,05-Z1rO,-PWA electrolytes are presented in Fig. 7.
A broad band in the range 3,200-3,500 cm ™ is attributed to the vibra-
tion of water (H-O-H) and a band at 3,750 cm™ represents the SiO-
H silanols with hydrogen. The main characteristic of the silica matrix
can be identified by FTIR analysis. The Si-O-Si stretching vibra-
tions are observed at around 1,050 cm™ and 800 cm™. A shoulder
at around 950 cm™ is assigned to the Si-O-Zr or Si-O-P vibration.
There is a shoulder at around 1,200 cm™ that has been attributed to
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(b) Si0,-P,0.-Zr0,-PWA membrane
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Fig. 7. FT-IR spectra of the pure PWA, SiO,-P,0,-Zr0O, and SiO,-
P,0,-ZrO,-PWA samples.
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Fig. 8. Impedance curves of (a) SiO,-P,0,-Zr0O, and (b) SiO,-P,O--
ZrO,-PWA samples at different temperatures.

P=0 stretching. The bands at 1,650 cm™" in the spectrum are as-
signed to the deformation modes of OH and adsorbed water molec-
ular in the pores surface. The band position of pure PWA at 770
em™, 900 cm™, 950 cm™ and 1,060 cm™ is assignment of the cor-
ner-sharing W-O_-W, edge-sharing W-O,-W, terminal W-O, and P-
O, respectively, which are representing fingerprints of the Keggin
unit structure (Fig. 6 PWA). There is a stronger intensive peak at
950 cm™ in spectrum for the SiO,-P,0s-ZrO,-PWA electrolyte than
SiO,-P,04-Zr0O, electrolyte, which is due to the effect of PWA in-
teracting with silica framework. The other peaks of Keggin anion
are hidden by the peaks of silica structure.

Fig. 8 shows the impedance curves for these prepared electrolytes
taken at different temperatures. The semicircle represents a typical
equivalent circuit of a resistor and capacitor connected in parallel
corresponding to the bulk electrochemical properties. The proton
conductivity o of the samples was calculated from the impedance
data, using the relation of o=t/RS. Where, t and S are the thick-
ness and electrode area of the specimens, respectively. R is the re-
sistance obtained from the extrapolated intersection of high-fre-
quency semi-circle in the real axis (Z'). The proton conductivity as
a function of temperature for these silica-based electrolytes is given
in Fig. 9. A conductivity of around 10> S/cm and 10~ S/cm was
measured for the SiO,-P,0,-Zr0, and the SiO,-P,0,-Zr0O, electro-
lytes at temperatures range of 40-90 °C, respectively. The introduc-
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samples as a function of temperature.
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Fig. 10. Performance of unit cell using the SiO,-P,0;-ZrQO, sam-
ple at different temperatures.

tion of PWA into the silica framework remarkably improved the
proton conductivity about two orders of magnitude as high as that
of unmodified silica membrane.

Fig. 10 shows I-V curves of the SiO,-P,Os-Z1O, electrolyte at
different operational temperatures. The open circuit voltage of 0.1-
0.3V and current density of 0.07-0.15 mA/cm® were recorded using
SiO,-P,04-Z10O, electrolyte at temperature between 50 and 100 °C.
It seems that the OCV and performance of the H,/O, fuel cell is low;
this result may be due to the large interfacial charge transfer resis-
tance. Fig. 11 shows I-V curves of the SiO,-P,0s-ZrO,-PWA elec-
trolytes at different operational temperatures. The open circuit volt-
age of 0.3-0.7 V and current density of 0.02-0.25 mA/cm” were re-
corded by using SiO,-P,0,-ZrO,-PWA electrolyte at a temperature
range of 40-300 °C. The OCV and current densities of the PWA
doped silica electrolyte are greater than unmodified silica electrolyte.

CONCLUSIONS

We have successfully prepared SiO,-P,0,-ZrO, and PWA doped

July, 2009
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Fig. 11. Performance of unit cell using the SiO,-P,0:-ZrO,-PWA
sample at different temperatures.

SiO,-P,04-Zr0O, electrolytes by sol-gel process. These synthesized
proton conductors were found to be homogeneous nanoporous struc-
ture and thermally stable up to 800 °C. The proton conductivities
of 3.3x107° S/em and 1.8x10~ S/cm were obtained from SiO,-P,Os-
710, and SiO,-P,0,-ZrO,-PWA electrolytes at 90 °C, respectively.
The increase of conductivity should be attributed to the presence of
PWA in the silica matrix. The cell performance of 0.07-0.15 mA/
em’ at 90 °C and 0.02-0.25 mA/ecm’® at 300 °C was obtained from
SiO,-P,05-Zr0O, and SiO,-P,04-ZrO,-PWA electrolytes under humid
conditions, respectively. The modification of silica-based proton con-
ductor with PWA was found to improve the cell performance and
have a potential for fuel cell application at operating temperature
around 300 °C.
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