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Organic-inorganic proton electrolytes were investigated by the cross-linking of various organic monomers
(PDMS, PTMO) and metal (Zr, Ti) alkoxides. Proton conductors of 12-phosphotungstic (PWA) and
phosphoric acids interacted with inorganic phase of organic-inorganic hybrids. Some hybrids showed high
mechanical and thermal stability up to 300 °C. Moreover, high proton conducting hybrids were investigated a
cell performance using single MEA cell. The organic-inorganic conducting hybrids, which have high proton
conductivity and thermal stability, can be expected for applications in intermediate temperature PEFCs.
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1. Introduction other hand, the operation of PEMFCs at intermediate

Polymer electrolyte membrane fuel cells (PEMFCs) temperatures (100 - 200 °C) has been considered to

have been investigated extensively as a future energy provide many advantages such as improved CO tolerance
source to solve a global energy and environmental of the Pt electrode [1-4], reduction of the amount of Pt
problem due to their high energy conversion efficiency. electrode materials [5], higher energy efficiency, better
PEMFCs at low temperatures (below 80 °C) using heat management, co-generation, and suppression of
hydrated perfluorosuifonic polymers such as Nafion have flooding in MEA. Many temperature tolerant polymer
been developed in the past years for mobile, satellite or materials have been synthesized, and protonic
stationary applications. Currently, it is expeéted that conductivity and cell performance at elevated
energy conversion devices in the future that have higher temperature ranges have been investigated intensively
energy efficiency than membrane fuel cells will become a [6-41].

leading alternative to internal combustion and diesel On the other hand, the sol-gel process has been used for
engines. However, the high materials cost and the preparation of crystalline and non-crystalline ceramic
complicated water management are major obstacles for oxides and glasses. The materials possess remarkable
practical applications of PEMFCs. Moreover, carbon isotropic, flexibility and functional properties originating
monoxide, which is contained in the hydrogen gas from organic and inorganic moieties. Additionally, they
reformed by hydrocarbons such as natural gas, gasoline, can be synthesized through an easy processing route with
or alcohol at the ppm level, can severely poison the anode low cost and reduced environmental impacts [42-48]. On
catalyst of membrane electrolyte assembly (MEA) and the other hand, organic-inorganic hybrid materials can
can cause significant loss in energy efficiency. On the become proton and/or lithium ion conductors by
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controlling the molecular structure of the hybrids, and the
hybrids incorporated with proton conductors can be
applied to fuel cells

and ‘attery electrolytes

[6-8,10-16,18-20,26-29,34-37,41,48-54]. The organic
structure as well as a novel synthetic route have been
investigated to enable fast ionic conduction through

molecular modification of organic ligand to inorganic

structures [6-18,22-41,48-57].
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Fig. 1 Schematic diagram for the design of an

organic-inorganic proton conductor.
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Fig. 2 Photographs of organic-inorganic hybrid

membranes.

Fig. 1 shows a schematic diagram for a design of

organic-inorganic proton conductor. The
organic-inorganic interfaces can be formed by sol-gel
processing of end groups (OH) of organic parts with
reactive inorganic parts to afford hybrids at molecular
scale. Moreover, the hybrid material becomes proton
electrolytes by incorporation of proton sources such as

phosphotungstic (PWA) or phosphate acids. Polyanion

PWA clusters have been incorporated with inorganic
silica framework and they never dissociate from the
hybrid matrix. Effects of PWA doping concentration on
the thermal stability and protonic conductivity are
discussed in other papers [6,48].

Here we reported the synthesis, thermal and chemical
stabilities, conducting property and cell performance of
organic-inorganic  proton hybrids using  organic
monomers (PDMS, PTMO), metal (Zr, Ti) alkoxides, and

PWA and phosphoric acids.

2. Experimental

PDMS (liquid Mw = 4500, GE Toshiba Silicon Co. Ltd.
and Mw = 600, Gelest Inc.) and PTMO (liquid Mw = 650,
Wako Chemical Co. Ltd) were used as organic
monomers. [Zr{OCH(CH3)y), * (CH3),CHOH] (Alfa Co.
Ltd), TI{OC,H;)y, PWA (Wako Chemical Co. Ltd.) and
H3PO4 were used as inorganic and proton materials. An
ethyl acetoacetate (eacac) solution was added to the
zirconium isopropoxide to stabilize the sol and to prevent
a rapid hydrolysis. The metal alkoxide and eacac were
mixed in ethanol or isopropanol solution and stirred for
30 min, then, organic monomers were added with
vigorous stirring. In the case of PWA, PWA in the ethanol
solution was added to the above sol and stirred another 30
min. The sol was cast onto a Petri dish and subjected to
aging at 100 °C for 2 ~ 5 days to yield a hybrid gel. The
gel was further annealed at 180 °C for 1 — 3 days to form
organic-inorganic hybrid membrane. The heat-treated
hybrid membranes were soaked at H;PO, solution. The
thickness of membrane was depended on the sol volume,
Fig. 2 showed transparent and flexible organic-inorganic
hybrid membranes.

The chemical bonding of the hybrids was measured by
FTIR (FT/IR-6200 with ATR Pro 410-S, JASCO).
thermal

Thermogravimetry-differential analyses

(TG-DTA) of the samples were conducted to characterize
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the thermal stability of hybrid samples at a heating rate of
20 °C/min under air or N, atmosphere. Dynamic elastic
modulus and dissipation (tand) of the hybrid membranes
were  measured by  EXSTAR6000  dynamic
viscoelastometer (Seiko Instruments, Inc.) at 10 Hz in the
temperature range from 25 to 250 °C at a heating rate of 3
°C/min. *'P-MASNMR has been employed for
characterization of the phosphorous microenvironment of
zirconia phosphate or titania-PWA in organic-inorganic
proton conductor structures. The *'P-MASNMR spectra
were obtained at 121.532 MHz on a Fourier Transform
pulsed NMR spectrometer (Chemagnetics CMX-300).
The conditions of pulse width, pulse delay and spinning
speeds were 1.5 psec, 60 sec and 10 kHz, respectively.
The proton conductivity was measured by two-terminal
impedance spectroscopy (S1620 Impedance Analyzer,
Solatron). The samples were placed between two
ring-type gold plate blocking electrodes. A frequency
range of 1 Hz to 1 MHz and a peak-to-peak voltage of 10
mV were used for the impedance measurements. When
the conductivity of the membrane was measured at higher
temperatures, the apparatus cell was pressurized to
maximum 0.5 MPa (150 °C) in order to keep saturated
humidity. To get cell performance, ZrO)/PTMO/H;PO,
hybrid membranes were prepared by impregnating over 7
days with 1M H3;PQ,. The thickness of the membranes
depended on the condition of sol-gel processing. On the
other hand, TiO,/PTMO/PWA hybrid was mixed with
Nafion solution after grinding to get good membrane
property, and TiO,/PTMO/PWA-Nafion membrane was
prepared by a mixing of TiO,/PTMO/PWA hybrid with 5
wt% Nafion solution (Electrochem.). Commercially
available gas-diffusion electrodes (20% Pt-on-carbon,
lmg Pt/cm?, from Electrochem.) were impregnated with
5 wt% Nafion solution and then dried at 70 °C for 1h. The

active area for the anode and cathode was 2.5 cm’. A

membrane was sandwiched between two electrodes, and
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the resulting membrane electrode assembly (MEA) was
then pressed at 4 MPa for 4 min at 130 °C. The MEA was
coupled with gas-sealing gaskets and placed in a single
cell test fixture. H, and O, (high purity gases) were fed to
the single cell at controlled flow rate, humidity,
temperature and pressure using a Fuel-Cell test station. In
order to humidify the gases prior to entry to the fuel cell,
H, and O, were bubbled through water in stainless steel
bottles, the temperatures of which were individually
controlled. The MEA was tested at various temperature

with H, (0.1 IminyO, (0.1 I/min) under saturated

humidity conditions. Performance evaluation curves were

obtained with a  computer-controlled  SI1287
Electrochemical Interface (Solatron).
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Fig. 3 FTIR spectra of ZrO,/PDMS and
ZrO,/PDMS/PWA hybrids.
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Fig. 4 TG results of ZrO/PDMS and ZrO,/PDMS/PWA
hybrids.
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3. Results and Discussion
3.1 ZrO, (TiO,)/PDMS/acid hybrid membranes

The molar ratio of ZrO, (TiO,) to PDMS (Mw = 4500
and 600) was changed from 2 to 8, while the hybrid
membranes were flexible, homogeneous, and transparent
at those ratios. However, at higher metal oxide
concentration, the membrane became brittle. On the other
hand, the hybrid membranes synthesized with PWA was
heterogeneous.

Fig. 3 showed FTIR spectra of the ZrO,/PDMS and
ZrO,/PDMS/PWA hybrids. The peaks at 800 — 1100 cm™
can be attributed to the vibration of Si-O-Si bonds. The
absorption peaks around 1600 and 3500 cm™ can be
attributed to the deformation vibration of water H,O and
the stretching of hydroxyl groups O-H, respectively. On
the other hand, an absorption peak corresponding to the
Zr-O-Si bond was observed at 934 cm™. Also, Zr-O
vibration appeared at 500 cm™. Therefore, the ZrO, was
chemically bound to PDMS end groups via Zr-O-Si and
Zr-O-Zr bonds. The membranes were recognized as
macromolecules with interconnected phase of organic
PDMS and inorganic zirconium oxide at nano-scale,
resulting in a polymeric hybrid material. In the case of
ZrO,/PDMS/PWA hybrid, the fundamental vibration
modes (P-O, W-O, W-O-W) of PWA keggin cluster
structure have been seen in the wavenumbers of 1080,
976, and 900 cm’™", respectively. However, the spectra can
not easy to find due to the Si-O-Si spectra. However, it is
speculated that the heteropoly acid has been successfully
incorporated in the hybrid matrix due to the chemical
shift of Si-O-Si spectra.

Fig. 4 showed TG of ZrO/PDMS (Mw = 4500) and
ZrO,/PDMS (Mw = 4500)/PWA hybrid membranes. The
ZrO,/PDMS/7 wt% PWA hybrid membrane showed
homogeneous appearance. The thermal stability of
ZrO,/PDMS = 2 was better than that of other hybrids.
The ZrO»/PDMS/PWA hybrid was stable up to 300 °C.

The mechanical properties of the hybrid membranes
were evaluated by dynamic elastic modulus measurement
as shown in fig. 5. The hybrids had stable dynamic elastic
modulus and tan § with small change from 50 to 200 °C.
However, the ZrO,/PDMS/7 wt% PWA hybrid showed
large tan § due to the added PWA. The modulus of
ZrO,/PDMS = 2 and ZrO,/PDMS/7 wt% PWA hybrids
was lower than that of ZrQ,/PDMS = 4. The increase of
inorganic phase in the hybrid might restrict the segmental
motion of organic species and induce the strengthing of
the network and as a result, the modulus of ZrO,/PDMS

= 4 was higher than that of ZrO,/PDMS = 2.
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Fig. 5 Mechanical properties of ZrOyPDMS and
ZrO,/PDMS/PWA hybrids.

Fig. 6 showed temperature dependence for the

conductivity of various ZrO, (TiO,)/PDMS/PWA hybrids

under the saturated humidity at each temperature. The

Zr0, (TiO,)/PDMS hybrid membrane showed small
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proton conductivity in the order of 10 S/cm due to the
Zr (Ti)-OH moiety. The conductivity of the hybrids
increased due to the incorporated PWA. PWA exhibits
preferential transport for positively charged ions, and
does not transport also anions, if it is used to separate two
electrolyte solutions (e.g. aqueous HCI) instead of being
just put in a controlled humidity chamber. It is in fact
highly probable that the described conductor is proton
conducting only because protons are the only mobile
species present in their experimental set-up. The
conducﬁvity of the hybrids was increased with increasing
temperature and added PWA concentration. The proton
conductivity of ZrO,/PDMS (Mw = 4500)/PWA hybrids
showed large temperature dependence. On the other hand,
the conductivities of ZrO,/PDMS (Mw = 600)/PWA and
TiO,/PDMS (Mw = 600)/PWA hybrids showed small
temperature dependence due to the very small activation
energy. On the other hand, the conductivity of
TiO,/PDMS (Mw = 600)/10 wt% PWA hybrid was higher
than that of other hybrids. According to the previous
results [48], it can be due to the formation of
ion-conductive channels in the organic-inorganic hybrid
macromolecules. Not only carrier density (proton) but
also the mobility of ions predominantly affects the
conductivity where the conductive pathways are greatly
influenced by the dispersion state of PWA either a
homogeneous mixture or bicontinuous network. Based on
the evidence, although PWA contents were low, the
conductivity of TiO,/PDMS/10 wt% PWA hybrid could
have higher than that of ZrO,/PDMS/35 wt% PWA. The
former might possess conductive bicontinuous pathways
for protons through assembling PWA clusters at
hydrophilic/hydrophobic interfaces. On the other hand,
the ZrO,/PDMS(Mw=4500)/21 wt% PWA hybrid showed
extremely high proton conductivity with increasing
temperature up to 150 °C, while the membrane slowly

changed from solid to gel state. The membrane can be
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provided continuous proton conducting channels under
high humidity and pressure condition, resulting in an
enhanced mobility of the protonic carriers such as H;O"
or HiO,". We supposed that the gelation of ZrO,
(TiO,)/PDMS/PWA hybrids could be induced by the
increased amount of PWA and relevant water content
under high temperature and pressure condition, and
provided the enhanced proton conductivity of the

organic-inorganic hybrid materials.
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Fig. 6 Temperature dependence for the conductivity of

710, (TiO,)/PDMS/PWA hybrids.
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Figz 7 FTIR spectra of ZrO,/PTMO and

Zr0,/PTMO/H;PO, hybrids.

3.2 ZrO, (Ti0,)/PTMO/acid hybrid membranes

The molar ratio of ZrO, (TiO,) to PTMO (Mw = 650)
was changed from 0.5 to 2. The hybrid membranes of
flexible,

were

ZrO,/PTMO homogeneous, and
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transparent.

Fig. 7 showed TR spectra of ZrOyPTMO and
ZrO,/PTMO/H;PO, hybrid membranes. The absorption
peak of covalently bonding of Zr-O-C and Zr-O was
observed at 1560 and 530-600 cm™, respectively. In the
case of ZrO,/PTMO/H;PO, hybrid, new bonding spectra
due to the incorporated phosphoric acid appeared at the
wavenumbers of 1620, 1245, 1031, and 950 cm™’. The
peaks could be assigned the vibration of bounded water,
P=0, P-0, and P-O-P, respectively. From these results, it
was speculated that ZrOyPTMO hybrids became
macromolecule structure, and phosphoric acid was

successfully incorporated into the inorganic phase of

7ZxO,/PTMO hybrid.
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Fig. 8 TG results of ZrO,/PTMO and ZrO,/PTMO/H;PO,
hybrids.

Fig. 8 showed thermal analysis (TG) of pure PTMO,
ZrOy/PTMO, and ZrO,/PTMO/H;PO, hybrid membranes,
respectively. Thermal stability of ZrO,/PTMO hybrid was
increased from 150 °C of pure organic PTMO to 250 °C
due to the cross-linked matrix of organic PTMO and
inorganic ZrO, phase at nano-scale. On the other hand, it
of the ZrO,/PTMO/H;PO, hybrid was lower than that of
ZrO,/PTMO hybrid. It could be due to the melting of an
unreacted PTMO or chelated zirconium alkoxide/eacac
into the H;PO, solution. The initial weight loss (5%) of

the sample could be attributed to desorption of surface

water and binded water from the membrane. From the
results, the hybrid membranes had high thermal stability
over 200 °C.

The mechanical properties of hybrid membranes were
evaluated by dynamic elastic modulus measurements as
shown in fig. 9. The storage modulus and tan & of the
7rQ, (TiO,)/PTMO and ZrO, (TiO,)/PTMO/H;PO,
hybrid membranes were shown in figs. 9(a) and 9(b),
respectively. The storage modulus of TiO,/PTMO hybrid
was higher than that of ZrO,/PTMO. The moduli of ZrO,
(Ti0)PTMO/H;PO, hybrids were higher than those of
710, (TiO2)/PTMO due to the bonding of phosphoric acid

in the inorganic phase.
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Fig. 9 Mechanical properties of ZrOx(TiO,)/PTMO and
ZrOy(TiO,)/PTMO hybrids.

They showed a storage modulus of 10® - 10° Pa. The
Zr0, (Ti0,)/PTMO hybrids had a glass transition under
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50 °C, and ZrO, (TiO,)/PTMO/H;PO, hybrids showed
more complex transition properties as shown in Tan 8.
The Tan & of ZrO,/PTMO/H;PO, hybrid showed large
temperature dependence. It can be due to the large

swelling of phosphoric acid.
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Fig. 10 Temperature dependence for the conductivity of

71O, (TiO,)/PTMO/PWA (H,PO,) hybrids.
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Fig. 11 *'P MAS NMR spectra of TiO,/PTMO/PWA and

ZrO,/PTMO/H;PO, hybrids.
Fig. 10 showed proton conductivities of ZrO,
(TiOL)/PTMO/PWA and ZrO, (TiO,)/PTMO/H;PO,

hybrid samples under the saturated humidity at each
temperature. The conductivity of ZrO,/PTMO hybrid was
very low (2x10°® S/cm). The membrane became proton
conductor when incorporated with PWA or H;PO,. The
conductivity of ZrO, (TiO,)/PTMO/PWA hybrids was
higher than that of ZrO, (TiO,)/PTMO/H;PO, hybrids.
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Moreover, temperature dependence of the ZrO,
(Ti0,)/PTMO/PWA was larger than that of ZrO,
(TiO,)/PTMO/H3P0O, hybrid. As the increasing of the
temperature, the conductivity of TiO,/PTMO/40 wt%
PWA hybrid was increased from 3x107 S/cm at 80 °C to
0.1 S/cm at 150 °C. The high conductivity of ZrO,
(TiO,)/PTMO/PWA hybrids at the high temperature is
close to that of highly conductive ion-exchange
membrane. It is speculated that the membrane was
subjected to a structural change from solid to gel state
under the saturated humidity and high temperature, and
the high proton conductivity could be provided by the
mobility of protonic carriers (H;0" or HsO,") in the gel.
On the other hand, the maximum proton conductivity of
the ZrO,/PTMO/H;PO, hybrid was 3x10” S/cm. This
value is two times Jower than that of Nafion. Therefore, it
is required higher proton conductivity.

To understand the local interaction and structure of
proton conductor in organic/inorganic/acid hybrids,
solid-state NMR spectroscopy analysis was investigated.
showed *'P MAS NMR

Fig. 11 spectra  of

7r0,/PTMO/H;PO, and TiOyPTMO/PWA  hybrid

samples. The °*'P MAS NMR spectra of the
ZrQ,/PTMO/H;PO, hybrid showed a main chemical shift
at —22.2 and —19.4 ppm. It is reported that the chemical
shifts of e-Zr(HPO,), H,O and Zr(HPO,), nH,0-gel are at
—19 ~ —21ppm, and those of phosphoric acids and/or
pyro-zirconium phosphates show at 0 ~ 5 and 50 ~
60ppm, respectively [58]. Therefore, it was speculated
that ZrQ, phase was mainly chemically bound to
phosphoric acid through P-O-Zr bounding, resulting in
immobilizing zirconium phosphate groups in the hybrid
matrix. The NMR results indicated the phosphate
moieties were strongly binding to inorganic phase. On the
other hand, the solid state NMR of TiO,/PTMO/PWA

hybrid also showed a strong interaction between

heteropoly anion and inorganic TiO, phase. It was
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reported that hexahydrated (H;PW,0496H,0) and
anhydrous (H;PW;,040H,0) heteropoly acid forms gave
a narrow peak at —15.6 and —11.0 ppm, respectively. The
polyanions [(PW,,040)°] in the hexahydrate are packed
in a cubic structure and all acidic protons are present in
the form of HsO," cations. [59] The TiO/PTMO/PWA
hybrid showed a peak at —15.3 ppm. The single peak
indicated  that  polyanions  were  distributed
homogeneously into TiO,/PTMO hybrid. The chemical
shift of the hybrid was to be between H;PW ,0,,6H,0
and H;PW,0,00H,0 due to a partial dehydration of
heteropoly acid. Heteropoly acid crystallites should lose
some of water molecules due to interactions and
immobilization of heteropoly acid in the TiO,/PTMO
macromolecular structure. Some acidic protons of
heteropoly acid should react with TiO, phase. It suggests
that the interface of the hybrid have a
[TiO(OH),][H;PW1,04] structure, and the interaction
could stabilize the heteropoly acid in TiO/PTMO hybrid

matrix.

1.0 ~—8—Zr/PTMO/H,PO,, 100 °C, RH 100%, d=162 pm
—e— Ti/PTMO/PWA/Nafion, 130°C, RH 100%, d=62 ym
—A— Recast Nafion, 80°C, RH 100%, d=70 um

Potential (V)

0.0 L L1 1 —L i 1 1
0

20 40 60 80 100 120 140 160 180
Current Density (mA/cm’)

Fig. 12 Cell performance of hybrid membranes and recast
Nafion.

Cell performance of ZrO,/PTMO/H5POy,,
TiO/PTMO/PWA hybrid samples, and recast Nafion for
some comparison was investigated by single MEA cell

using PEFC system (Fig. 12). The TiOy/PTMO/40 wt%

PWA hybrid showed the maximum conductivity of 8x107
S/em between 120 and 150 °C under the saturated
humidity condition. However, the hybrids could not get
adequate size for MEA due to the brittleness. Therefore,
Nafion gave support to the hybrid. The composite
membrane of Nafion-hybrid was made by a mixing in the
weight ratio of Nafion:hybrid=5:3. I - V performance of
ZrO,/PTMO/H;PO,,  TiO,/PTMO/PWA/Nafion, and
recast Nafion was investigated at the temperature of 100,
130, and 80 °C under saturated humidity condition,
respectively. The OCP of the samples was over 1.0 V.
This means that the membranes did not have a porous or
crack in the structure. The current density of recast
Nafion was higher than that of the cell using
ZrO,/PTMO/H;PO, and TiO,/PTMO/PWA/Nafion hybrid
This is due to the difference of the

membranes.

membrane resistance. The ZrO,/PTMO/H;PO, and
TiO/PTMO/PWA/Nafion hybrids had maximum power
density of 13 (at 100 °C) and 30 (at 130 °C) mW/cm?,

respectively.

4. Conclusions

Organic-inorganic proton hybrid electrolytes have been
synthesized by bridged macromolecules between metal
alkoxides and organic monomers. The hybrid membranes
showed superior thermal and mechanical properties
because of the temperature tolerant organic-inorganic
moieties and the nanostructure of the hybrid matrix. PWA
and phosphoric acids were successfully incorporated in
the inorganic interface as a proton source. >'P MAS NMR
displayed that the proton conductors such as PWA or
phosphate were bonded with hydrophilic metal phases.
conductivities for

The maximum proton

ZrO,/PDMS/PWA, TiO,/PTMO/PWA, and
ZrQ,/PTMO/H;PO, hybrids were 0.1, and 1x10™ S/cm
under saturated humidity condition up to 150 °C,

respectively. Moreover, it was obtained a power density
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of 30 mW/cm® at the cell temperature of 130 °C. The
organic-inorganic proton hybrid electrolytes could be
expected to provide new technological applications in the
such as

electrochemical devices high temperature

operation of polymer electrolyte fuel cell.
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