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(57) ABSTRACT

Solid acid/surface-hydrogen-containing secondary compo-
nent electrolyte composites, methods of synthesizing such
materials, electrochemical device incorporating such mate-
rials, and uses of such materials 1n fuel cells, membrane
reactors and hydrogen separations are provided. The stable
clectrolyte composite material comprises a solid acid com-
ponent capable of undergoing rotational disorder of oxyan-
ion groups and capable ol extended operation at a wide
temperature range and a secondary compound with surface

hydrogen atoms, which when intimately mixed, results in a
composite material with improved conductivity, mechanical

and thermal properties, when compared to pure solid acid
compound.
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ADVANCED SOLID ACID ELECTROLYTE
COMPOSITES

CROSS-REFERENCES TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Patent Application No. 60/699,018, filed Jul. 13, 2005,
which 1s hereby incorporated by reference 1n 1ts entirety for

all purposes.

STATEMENT AS TO RIGHTS TO INVENTIONS
MADE UNDER FEDERALLY SPONSORED
RESEARCH OR DEVELOPMENT

[0002] This work was support in part by a grant from the
National Science Foundation, DMR-0413946. The govern-
ment may have rights 1n certain aspects of this mvention.

BACKGROUND OF THE INVENTION

[0003] Electrochemical devices depend on the flow of
protons, or the flow of both protons and electrons, though a
proton conducting material, such as a membrane. Accord-
ingly, materials which conduct protons, or both protons and
clectrons, have applications as electrolytes or electrodes 1n
a number of electrochemical devices including fuel cells,
hydrogen pumps, supercapacitors, sensors, hydrogen sepa-
ration membranes and membrane reactors.

[0004] An important use for these materials is in fuel cells.
Fuel cells are attractive alternatives to combustion engines
for power generation, because of their higher efliciency and
the lower level of pollutants produced from their operation.
A fuel cell generates electricity from the electrochemical
reaction ol a fuel, e.g. methane, methanol, gasoline, or
hydrogen, with oxygen normally obtained from atr.

[0005] There are three common types of fuel cells i.e., 1)
direct hydrogen/air fuel cells, 1n which hydrogen i1s stored
and then delivered to the fuel cell as needed; 2) indirect
hydrogen/air fuel cells, in which hydrogen 1s generated on
site from a hydrocarbon fuel, cleaned of carbon monoxide,
and subsequently fed to the fuel cell; and 3) direct alcohol
tuel cells, such as methanol (“DMFC”), ethanol, 1sopropanol
and the like, 1n which an alcohol/water solution 1s directly
supplied to the fuel cell. An example of this later fuel cell

was described, for example, 1n U.S. Pat. No. 5,559,638, the
disclosure of which is incorporated herein by reference.

[0006] Regardless of the fuel cell design chosen, the
operating efliciency of the device 1s partly limited by the
clliciency of the electrolyte at transporting protons. Typi-
cally, pertluorinated sulphonic acid polymers, polyhydrocar-
bon sulfonic polymers, and composites thereol are used as
clectrolyte membrane materials for fuel cells. However,
these conventional materials utilize hydronium 1ons (H,O%)
to facilitate proton conduction. Accordingly, these materials
must be hydrated, and a loss of water immediately results in
degradation of the conductivity of the electrolyte and there-
fore the efliciency of the fuel cell. Moreover, this degrada-
tion 1s 1rreversible, 1.e., a simple remtroduction of water to
the system does not restore the conductivity of the electro-
lyte.

[0007] As a result, fuel cells utilizing these materials
require peripheral systems to ensure water recirculation and
temperature control to keep the water from evaporating.
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These peripheral systems increase the complexity and cost
of these fuel cells, from the use of expensive noble catalysts
(Pt) to temperature requirements that cannot exceed much
above 100° C. As a result of these temperature limitations,
the fuel cell catalysts and other systems cannot be operated
to maximum efliciency. Higher temperatures can also reduce
carbon monoxide poisoning of the fuel cell catalyst.

[0008] It has recently been shown that the solid acids such
as CsHSO, can be used as the electrolyte 1n fuel cells
operated at temperatures of 140-160° C. (Haile, S. M., et al.
Nature 2001, 410, 910-913). Use of this material greatly
simplifies fuel cell design relative to polymer electrolyte fuel
cells because hydration of the electrolyte 1s not necessary
and, because of the elevated temperature of operation,
residual CO 1n the fuel stream can be better tolerated. The
high conductivity of CsHSO, and analogous materials
results from a structural phase transition (referred to as a
superprotonic phase transition) that occurs at 141° C. from
an ordered structure, based on chains of SO, groups linked
by well-defined hydrogen bonds, to a disordered structure in
which SO, groups Ireely reorient and easily pass protons
between one another. Across this transition, the protonic
conductivity increases by 3 to 4 orders of magnitude from
10 Q" cm™ (phase II) to 107°-107% Q@ 'cm™" (phase I;
Baranov, A. 1., et al. JETP Lett. 1982, 36(11), 459-462).
Thus, disorder in the crystal structure i1s a key prerequisite
for high proton conductivity.

[0009] However, the lifetime of these sulfate and selenium
based solid acids 1s short (Merle, R. B., et al. Energy & Fuels

2003, 17, 210-213). The short lifetime of both CsHSO, and
CsHSeO, under fuel cell operating conditions results from
the reduction of sulfur and selenium by hydrogen in the
presence of typical fuel cell catalysts, according to:

2CsHSO,+4H,—Cs,S0,,+H,S+4H,0
2CsHSeO +4H,—Cs,Se0,+H,Se+4H,0

[0010] Recently, it has been shown that CsH,PO, has as
superprotonic transition and 1s stable under fuel cell condi-
tions (Boysen, D. A., et al. Science 2004, 303, 68-70).
Although the compound meets the necessary conditions of
long term chemical stability for operation as a fuel cell
clectrolyte, the compound i1s water soluble and only
becomes useful as an electrolyte above 1ts superprotonic
phase transition (Baranov, A. 1., et al. Ferroelectrics 1989,
100, 135-141). Therefore, a need exists for solid acid
clectrolyte materials with high proton conductivity over a
large range of temperatures that are stable under fuel cell
conditions.

BRIEF SUMMARY OF THE INVENTION

[0011] The present invention 1is directed to a proton con-
ducting membrane comprising a stable electrolyte compos-
ite material having high protonic conductivity, improved
mechanical properties and capability of extended operation
at a wide range of temperatures; methods of preparing such
a proton conducting membrane; devices incorporating such
a membrane; and uses of such a membrane 1n applications,
such as fuel cells, hydrogen separations, membrane reactors
and sensors. In particular, the proton conducting membrane
comprises a stable electrolyte composite material compris-
ing a solid acid component, a surface-hydrogen-containing
secondary component and an interface formed between the
solid acid component and the secondary component. The
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composite material has improved mechanical property. The
secondary component can improve the mechanical stability
of solid acid electrolyte membrane with respect to thermal
creep by reducing the propensity of solid acids to plastically
deform both at ambient and elevated temperatures. The
interactions between the solid acid surface and the surface of
the secondary compound can also stabilize the surface of the
solid acid with respect to dehydration, thus allowing opera-
tion of the electrochemical device using the composite
clectrolyte to higher temperatures with respect to the same
device using a solid acid compound alone as 1ts electrolyte.
Advantageously, the composite material can have one or
more features or advantages, such as, for example, high
conductivity from near ambient to elevated temperature;
mechanically stabilizing with respect to thermal creep;
kinetically stabilizing with respect to dehydration; and
increased conductivity 1n 1ts superprotonic phases.

[0012] According to one aspect, the present invention
provides a proton conducting membrane. The membrane
includes a solid acid component capable of conducting
protons 1n a solid state through a superprotonic mechanism,
a secondary component having surface hydrogen, and a
plurality of interfaces formed by the solid acid component
and the secondary component. In one embodiment, the
interfaces are formed by hydrogen bonding interactions
between the solid acid component and the secondary com-
ponent. In another embodiment, the proton conducting
membrane further includes a structural binder selected from,
for example, carbon materials, graphite, a polymer, a
ceramic, glass, a metal, a nanostructure or a mixture thereof.
In yet another embodiment, the proton conducting mem-
brane further includes a separate electrically conducting
material.

[0013] According to another aspect, the present invention
provides a proton conducting membrane having a plurality
of solid acid particles capable of conducting protons in a
solid state through a superprotonic mechanism, a plurality of
secondary component particles having surface hydrogen,
and a plurality of interfaces formed by the solid acid
particles and the secondary component particles. In one
embodiment, the interfaces are formed by hydrogen bonding
interactions between the solid acid particles and the second-
ary component particles. In another embodiment, the proton
conducting membrane includes a structural binder selected
from, for example, carbon matenals, graphite, a polymer, a
ceramic, glass, a metal, a nanostructure or a mixture thereof.

[0014] According to yet another aspect, the present inven-
tion provides a proton conducting membrane made by
contacting a solid acid component and a secondary compo-
nent having a plurality of surface hydrogen under conditions
suflicient to generate a composite, wherein the solid acid
interact with the secondary component to form a plurality of
interfaces.

[0015] In one embodiment, the proton conducting mem-
brane of the present invention comprises a solid acid having
the formula: M _H, (XO,)_; a secondary component having
surface hydrogen and selected from the group consisting of
a polymer and ceramic; and a plurality of interfaces formed
between the solid acid and the secondary component,
wherein M 1s a cation having a charge from +1 to +7,
preferably from +1 to +4, and more preferably from +1 to
+3; X 1s selected from the group consisting of S, Se, P, As,
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S1, Ge, V, Crand Mn; and a, b, t and ¢ are each independently
a non-negative real number, preferably from 1 to 15, more

preferably from 1 to 9, and even more preferably from 1 to
4.

[0016] In another embodiment, the proton conducting
membrane of the present invention comprises an eulytite
solid acid, a secondary component having surface hydrogen
a plurality of interfaces formed between the solid acid and
the secondary component.

[0017] In yet another embodiment, the proton conducting
membrane of the present invention comprises a solid acid; a
secondary component having the formula:
M'(X'O,) . *nH,O(HX"0,),; and a plurality of interfaces
formed between the solid acid and the secondary compo-
nent, wherein M' 1s a cation having a charge from +1 to +7,
preferably from +1 to +4, and more preferably from +1 to
+3; X' and X" are each independently selected from the
group consisting of S, Se, P, As, S1, Ge; n and g are
non-negative real numbers; and d, e, 1, v and z are each
independently a non-negative real number, preferably from
1 to 15, more preferably from 1 to 9, and even more
preferably from 1 to 4.

[0018] According to still another aspect, the present inven-
tion provides a method for preparing a proton conducting
membrane. The method includes contacting a solid acid
component with a secondary component having a plurality
of surface hydrogen to generate a composite, wherein the
solid acid interacts with the secondary component to form a
plurality of interfaces.

[0019] According to still yet another aspect, the present
invention provides a method of rehydrating a solid acid
composite. The method includes contacting the solid acid
composite with a water molecule under conditions sutlicient
for rehydrating.

[0020] According to a further aspect, the present invention
provides a method of melt-processing. The method includes
contacting a solid acid with a preformed membrane, of the
secondary component, in a melting state.

[0021] According to yet another aspect, the present inven-
tion provides a fuel system comprising a proton conducting
membrane. The membrane includes a solid acid component,
a secondary component and a plurality of interfaces formed
by the solid acid and the secondary component. The fuel cell
system provides electrical power to an external device.

10022] According to a further aspect, the present invention
provides a use ol the proton conducting membrane for
hydrogen separation and 1n a device selected from the group
consisting of a fuel cell, a membrane reactor and a sensor.

[0023] These and other embodiments, aspects and advan-
tages of the present invention will become better understood
with reference to the following description, claims and
accompanying Figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[10024] FIG. 1 illustrates a comparison of conductivity of
pure CsH,PO, versus a CsH,PO,/LaPO,*nH,O(H;PO,),
composite, where n and g are non-negative real numbers.
The composite has higher or equal conductivity to that of
pure CsH,PO, at all measured temperatures. Measurements
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were taken upon cooling at 1° C./min, under flowing air
atmospheres with a partial pressure ~0.7 atm.

[0025] FIG. 2 illustrates the ability of the CsH PO,/
LaPO,*nH,O(H;PO,), composite to rehydrate below ~300°
C. The conductivity of the composite can be measured up to
400° C. All measurements were taken with heating/cooling
rates of 1° C./min, under flowing air atmospheres with a
partial pressure ~0.7 atm.

[0026] FIG. 3 illustrates the ability of the CsH PO,/
LaPO,*nH,O(H;PO,), composite to rehydrate at 156° C.
alter having been dehydrated at 400° C. for 6 hrs. Measure-
ments were taken under flowing air atmospheres with a
partial pressure ~0.7 atm.

[10027] FIG. 4 illustrates a composite membrane prepared
from CsH,PO, and S1C by mechanical mixing, followed by
mechanical or thermal densification. FIG. 4A shows a top
view of SC(0001) down the hexagonal axis. FIG. 4B shows
a side view of the structure schematically absorbed species
(represented by small spheres) on both S1 and C surfaces
(represented by large and medium spheres), respectively.

10028] FIG. 5 illustrates an ionomer structure of a sul-
fonated terafluorethylene.

[0029] FIG. 6 illustrate scanning electron micrographs of
the 3DOM polyimide membrane prepared by using a 550
nm silica template: (a) surface view; and (b) cross-sectional
VIEW.

DETAILED DESCRIPTION OF TH.
INVENTION

(L]

[0030] 1. Definitions

[0031] As used herein, the term “metal cation” includes to
clements of the periodic table that are metallic or semi-
metallic and positively charged as a result of having fewer
clectrons 1n the valence shell than are present for the neutral
metallic element. Metals that are useful in the present
invention include, but are not limited to, the alkali metals,
alkaline earth metals, transition metals, the lanthanides, and
post-transition metals.

[0032] As used herein, the term “proton conducting mem-
brane” includes to a matrix of material that 1s capable of
conducting protons through the matrix. In some embodi-
ments, the proton conducting membrane can also conduct
clectrons. Proton conducting membranes of the present
invention comprise solid acid composites and, optionally, a
material that binds the composite together.

[0033] As used herein, the term “solid acid” includes to
compounds, in particular, inorganic compounds, which have
properties that are intermediate between those of a normal
acid, such as, H,SO,, and a normal salt, such as Cs,SO,. In
general, the chemical formula of the solid acids of the type
used according to the present invention can be written as a
combination of the salt and the acid, such as, M_H, (XO,)._,
where M 1s metal, XO, 1s oxyanion, subscripts a, b and ¢ are
non-negative real numbers. An example of a solid acid 1s
CsH,PO,. The solid acid used 1n the present invention have
structural hydrogen, which are superprotonic. A further
example of the solid acid 1s a compound having eculytite
structure, for example, with a space group 14 3d. Solid acids
have properties that are intermediate between those of a
normal acid, such as, H,SO,, and a normal salt, such as,
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Cs,S0,. Solid acids generally comprise oxyanions, such as,
SO, SO,*7, SeQ,*", Se0,*", PO,”~, PO,F*~, PO,H"",
AsO,”", SiF.*"or AIF.°~, Si0,*", GeO,,*", Se0,*", Cr0,”",
vO,>", MnO,*", MnO,~, WO,*~, MoO,>", BF,~, PF.~ and
SbF~, and the like, which are linked together via O—H—O
hydrogen bonds. In addition, they contain cations for overall
charge balance. The structure can contain more than one
type of oxyanion XO,, XO;, XO,A, XF, or XF . group, and
can also contain more than one type of cation M species.

[0034] As used herein, the term “superprotonic” includes
to a phase transition from an ordered structure to a disor-
dered structure accompanying by a significant increase in
proton conductivity. For example, CsHSO, undergoes super-
protonic transition at 141° C. with an increase in proton
conductivity by 3 to 4 orders of magnitude from 107° Q™'

cm 1o 107°-107° Q' cm™?.

[0035] As used herein, the term “structural binder”
includes to a matrix material that enhances the mechanical
integrity and/or chemical stability of the proton conducting
membrane. Structural binders usetul 1n the present invention
include, but are not limited to, carbon, graphite, a polymer,
ceramic, glass, silicon dioxide (e.g., quartz), a semiconduc-
tor, a nanostructure, a metal and a mixture thereof. The
structural binder can be electrically conducting or insulating.
When the structural binder 1s electrically conducting 1t can
conduct protons, e¢lectrons or both, such that the proton
conducting membrane can conduct either protons across the
membrane, or both protons and electrons across the mem-
brane. Alternatively, the structural binder can be 1onically
conducting.

[0036] As used herein, the term “non-negative real num-
ber” includes to any number (e.g., whole or fractions) that 1s
cither a positive number or zero. The non-negative real
numbers are selected such that the morganic solid acids or
the secondary component morganic compounds are charge
neutral.

0037] II. General

0038] The present invention is directed to a proton con-
ducting membrane comprising a stable electrolyte compos-
ite material. The composite material comprises a solid acid
component, a secondary component and a plurality of inter-
faces formed by the solid acid and the secondary component.
In one aspect, the solid acid and the secondary component
can exist as particles ol micrometer or nanometer dimen-
sions with enhanced interactions between the solid acid and
the secondary component. In some embodiments, the inter-
faces are formed by hydrogen bonding interactions between
the solid acid and the secondary component. In other
embodiments, the membrane further comprises a structural
binder. The solid acid composite or the proton conducting
membrane can be made by contacting a solid acid compo-
nent with a secondary component having a plurality of
surface hydrogen under conditions suflicient to generate a
composite, wherein said solid acid component 1nteracts with
said secondary component to form a plurality of interfaces.
Advantageously, the solid acid composites have one or more
features or advantages, for example, high protonic conduc-
tivity; mechanically stabilizing with respect to thermal
creep; kinetically stabilizing with respect to dehydration;
and increased conductivity in their superprotonic phases.

[0039] The current invention is directed to solid acid
composites that have high etfhiciency and do not sufler
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reduction in the presence of catalytic materials, such as Ru,
Pt and other transition metals, are stable 1n a liquid water
environment, and have high proton conductivity over a large
range of temperatures. In particular, some solid acids com-
posites are likely to express superprotonic conductivity from
or even below ambient temperatures to elevated tempera-
tures 1.e., up to the dehydration point of the particular
compound. These advantageous properties are attributed to
the stabilizing effect of the secondary component and the
formation of extended hydrogen bonding network inter-
faces. Also, certain oxyanions, such as PO, and S10, have
shown better stabilities to reduction in the presence of
catalytic materials than other oxyanions. For example,
replacing S or Se in the superprotonic solid acids with
elements, such as P and Si1 results 1in the elimination of the
reduction reaction because analogous reduction products,
such as H,P and H,S1 are extremely unstable (Merle, R. B.
et al. Energy & Fuels 2003, 17, 210-215; Boysen, D. et al.
Science 2004, 303, 68-70).

[0040]

III. Composite Materal

[0041] The solid acid component can be organometllic
compounds, 1norganic compounds or mixtures thereof. Pret-
erably, the solid acids are compounds that are stable at an
clevated temperature and can undergo superprotonic transi-
tions. More preferably, the solid acids are 1norganic com-
pounds that can undergo superprotonic phase transitions.
The superprotonic transition can take place at an ambient
temperature, for example, about 20° C. or less, or at an
clevated temperature, for example, greater than 130° C.,
such as in the range of 140° C. to 450° C. An exemplary
example of such solid acid 1s CsH,PO,.

[0042] The solid acids used herein are inorganic com-
pounds containing one or more cations and one or more

anions whose properties are intermediate between those of a
normal acid, such as H,SO, and a normal salt, such as
Cs,S0O,. An example of a solid acid 1s CsHSO,. In one
aspect, the chemical formula of the solid acids can be written
as a combination of the salt and acid. The cation can be a
metal cation or non-metal cation, such as NH,™.

[0043] In some embodiments, the solid acids are com-
prisesd ol oxyanions, which are linked together wia
O—H—O hydrogen bonds, dipolar interactions, van der
Waals 1nteractions, 1onic interactions or combinations of the
foregoing interactions. preferably, the solid acids are linked
via O—H—O hydrogen bonds. In certain embodiments, the
structure can have more than one type of oxyanion.

|0044] Metals that are useful in the present invention
include alkali metals, alkaline earth metals, transition met-
als, the lanthanides, and post-transition metals. Alkali metals
include, for example, L1, Na, K, Rb and Cs. Alkaline earth
metals include, but are not limited to, Be, Mg, Ca, Sr and Ba.
Transition metals 1include, but are not limited to, Sc, Ti, V,
Cr, Mn, Fe, Co, N1, Cu, Zn, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd,
Ag, Cd, Hf, Ta, W, Re, Os, Ir, Pt, Au, Hg and Ac. The
lanthamides include, for example, La, Ce, Pr, Nd, Pm, Sm,
Eu, Dg, Tb, Dy, Ho, Er, Tm, Yb and Lu. Post-transition
metals include, for example, B, Al, Ga, In, Tl, Ge, Sn, Pb,
Sb, Bi1, and Po. Additional metals include the semi-metals.
One of skill in the art will appreciate that many of the metals
described above can each adopt several different oxidation
states, all of which are useful 1n the present invention. In
some 1nstances, the most stable oxidation state 1s formed,
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but other oxidation states are also useful in the present
invention. Metal cations useful 1n the present imvention
include, but are not limited to, metal cations having a 1+
charge, a 2+ charge, a 3+ charge, a 4+ charge, a 5+ charge,
a 6+ charge and a 7+ charge. Metal cations having other
charges are also useful in the present invention. The com-
pounds of the present invention can include more than one
type of metal.

10045] Useful elements for the oxyanions of the com-

pounds of the present imnvention include, but are not limited
to, B, P, S1, As, Ge, S, Se, Sb, W, Cr, Mn and V. Some of the
useful cations of these elements include, but are not limited
tO, B3+j P4+, P5+3 Si£l-+j ASS_I_: (}e4+:J S4+, SS+:J Sﬁ+j Se4+, Se'5+,,
Sb-6+j W3+j W4+j W5+, W6+j CI'6+, V4+, \/v5+j 1\4112+:j MIl4+,,
Mn®* and Mn’*. One of skill in the art will appreciate that
other elements and charge states are also useful for the
oxyanions of the present invention.

[0046] Oxyanions useful in the present invention include,
but are not limited to, SO,*~, SO,*~, Se0,*", SeO,*~, PO~
PO.F*~, PO,H*, AsO,’”, SiF,>~ or AIF.~, SiO,*,
GeO,*", SeQ,*, CrO,”, VO,°~, MnO,*", MnO,~, WO,
MoQ,”", BF,, PF.” and SbF,~. In some embodiments, the
oxyanions are linked together via O—H-—O hydrogen
bonds. In certain other embodiments, the oxyanions can be
linked together via O—H-—O hydrogen bonds, dipolar
interactions, van der Waals interactions, 1onic interactions or
combinations of interactions. The compounds of the present
invention can contain more than one type of oxyamons. One
of skill in the art will appreciate that other oxyanions are also
usetul 1n the present mvention.

[0047] In some embodiments, the solid acid component is
a compound having formnula I: M_H, (XO,)_., where M 1s a
cation having a charge from +1 to +7, preferably, from +1 to
+4, more preferably from +1 to +3, most preferably from +1
to +2; X 1s an element that can form oxyanions; and a, b, t
and ¢ are each independently a non-negative real number,
preferably from 1 to 15, such as more pretferably from 1 to
9, and even more preferably from 1 to 4, such as, for
example, 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8, 1.9, 2.0, 2.1,
2.2,23,24,25,2.6,2.7,2.8,2.9,3.0,3.1,3.2,3.3,34,3.5,
3.6, 3.7, 3.8, 3.9, 4.0. In some embodiments, M can be a
metal cation, including, but not limiting to, alkali and
alkaline metals, such as Li*, Be**, Na*, Mg~*, K*, Ca*",
Rb*, Sr**, Cs*, Ba**; transition metals, such as, Sc**, V°*,
VS_: CI'3+, CI'S_: MHZ_I_,, Mll3+j MH6+,, MHT_I_,, Fezﬂ Fe3+, C0+3
C02+3 Ni2+j Cll+j Cll2+, an+j Y3+3 1\n)3+:J M03+3 M06+3 TEIS_I_,,
TElS_I_,, W3+j W6+j RU.2+,, Rh2+,, Rh3+j sz_l_,, Pd4+j Ag_l_,, (:dz+:J
Cd>*, Ir’*, Pt*, Pt**, Au*, Au’* and Hg* and Hg”*; the
lanthanides, such as La’*, Ce’*, Pr'*, Nd°*, Pm>*, Sm™",
Eu3+j ]:)g3+:j Tb3+j Dy3+; H03+, EI‘3+5 Tm3+,, Yb3+ and LU.3+;
post-transition metals, such as Al°*, Ca’*, In*, In’*, TI",
TIP*, Ge**, Sb>*, Bi’*, Sn** and Pb**; and mixtures thereof.
Preferably, M 1s a metal cation selecting from the group
consisting of Li*, Be**, Na*, Mg>*, K*, Ca**, Rb*, Sr**,
Cs*, Ba**, Mn**, Fe**, Co*, Co**, Ni**, Cu*, Cu**, Zn°",
Ru**, Rh**, Pd**, Ag*, Cd**, Pt**, Au*, Hg*, Hg**, In*, T1*,
Ge”*, Sn**, Pb** and mixtures thereof. Alternatively, M is a
non-metal cation, including, but not limiting to, for example,
NH_,"*. In certain embodiments, X i1s an element selected
from the group consisting of S, Se, P, As, S1, Ge, V, Cr, W
and Mn. The solid acid component can also be a mixture of
different kinds of solid acid. For example, the solid acid
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component 15 a compound having the formula
Cs,.(HSO)(H,PO,), which 1s a mixture of CsHSO, and

CsH,PO,.

|0048] The solid acid component can be a compound
having different types of cations and/or oxyanions. In some
embodiments, the solid acid component 1s a compound
having the formula Ia: M*) (M")_.H,(XO,)., where M*
and M” are each independently a cation having +1 to +7
charge; preferably, from +1 to +4; and more preferably, from
+1 to +3. Suitable cations include, but are not limited to,
alkali and alkaline metals, such as Li*, Be**, Na*, Mg**, K*,
Ca**, Rb*, Sr**, Cs*, Ba*™*; transition metals, such as, Sc ™,
V3+3 V5+, CI'3+5 CI'S-: MIIZ-I-,, MIl3+,, Mllﬁ-: MHT-I-, Fe‘2+, Fe3+j
CO+, C02+j Ni2+j Cll+j Cll2+j ZnZ+j Y3+3 Nb3+j M03+3 M06+3
TEI3+,, Ta5+,, W3+3 W6+, 1{112+:J Rh2+,, Rh3+,, Pd2+, Pd4+,, Ag-l-;
Cd**, Cd**, Ir'*, Pt™*, Pt**, Au*, Au”* and Hg* and Hg"*;
the lanthanides, such as La’*, Ce’*, Pr’*, Nd°*, Pm>*, Sm”*,
Eu3+j ]:)g3+j Tb3+:J Dy3+; H03+3 Er3+j Tm3+,, Yb3+ and Lll3+;
post-transition metals, such as Al’*, Ca’*, In*, In°*, TI*,
TI’*, Ge**, Sb>*, Bi**, Sn”*, Pb** and NH*,; and mixtures
thereol. X 1s an element that can form oxyanions and
selected from the group consisting of S, Se, P, As, S1, Ge, V,
Cr, W and Mn. Fach of the subscripts a', a", b, t, and ¢ 1s
independently a non-negative real number, preferably from

1 to 15, more preferably from 1 to 9, and ven more
preferably from 1 to 4,suchas 1.1,1.2,1.3,1.4,1.5,1.6,1.7,

1.8,19,2.0,2.1,2.2,23,24,25,2.6,2.7,2.8,2.9,3.0,3.1,
3.2,3.3,34,3.5,3.6,3.7,3.8,3.9, 4.0. Preferred cations for
M* and MP® include, but are not limited to, Li*, Be**, Na™,
Mg>*, K*, Ca**, Rb*, Sr**, Cs*, Ba®*, Mn**, Fe**, Co",
C02+3 Ni2+j Cll+,, Cu2+j ZIl2+,, Rllz_l_j ha_: sz+j Ag_l_,, (:dz+:J
Pt=*, Au*, Hg*, Hg**, In*, T1*, Ge”*, Sn**, Pb**, NH,,* and
mlxtures thereof In more preferred embodiments, M* and
M are cations include, but are not limited to, one or more
species selected from the group consisting of Li*, Be**, Na*,
Mg+, K*, Ca**, Rb*, Sr**, Cs*, Ba** and NH,*. An exem-
plary of the solid acid of this type 1s CsKHPO,. In another
embodiment, the solid acid 1s a compound having the
formula Ib: M) (M")_.(M%)..H,(XO,)., where M*, M"
and M are each independently a cation having a charge
from +1 to +7; preferably from +1 to +4; and more prefer-
ably from +1 to +3. M, M"” and M® are each independent
cations and are selected from the group as defined above. X
1s the same as defined above. Each of the subscripts a', a"
a™, b, t, and ¢ 1s independently a non-negative real number
preferably from 1 to 15, more preferably from 1 to 9, and

even more preferably frem ltod,suchas1.1,1.2, 1.3, 1.4,
1.5,16,1.7,18,19,2.0,2.1,2.2,23,2.4,2.5,2.6,2.7, 2.8,

2.9, 3.0, 3.1, 3.2, 33, 34, 3.5, 3.6, 3.7, 3.8, 3.9, 4.0.
Examples of the solid acids include, but are not limited to,

CsH,PO,, Cs,HPO,, Css(HSO,),(H,PO,),,
Cs,(HSO,)(H,PO,), CS3(HSO4)2(H2?O4):
Cs3(HSO,4),(H, 5(S0.5Pg 5)04), Cs3H;(50,4)5.xH,0,
TIHSO,, CsHSeO,, Cs,(HSeO,)(H,PO,),
Cs3H(SeO,),(NH4);H(SO,),, (NH,4),(HSO4)(H,PO,),
Rb3H(SO,),, RbyH(SeO,),, Cs, sL1; sH(SO,),,
Cs,Na(HSO,),, TIH;(SeO,),, BaH,GeO,, BaH,S10,,
CsH,AsO,(NH,),(HSO,(H,AsO,), CaH,S10,,

CsH.(PO,),, CsHPO,F and CsHPO,H

[0049] The solid acids of the formulas I, Ia and Ib can
undergo superprotonic transition at an elevated temperature,
for example, CsHSO,, and CsH,PO, can undergo superpro-
tonic transition at about 140° C. and 230° C., respectively.
The structural hydrogens of the solid acids of the formulas
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I, Ia and Ib are capable of forming hydrogen bonding
network with the secondary component, which has hydrogen
bonding donors and acceptors.

[0050] In other embodiments, the solid acids have an
culytite structure with structural hydrogen, are superprotonic
and have a space group of 14 3d, a body-centered cubic
crystal structure having rotoinversion symmetry for every
90° of rotation about the face axis, a three-tfold axis of
symmetry down the body diagonal, and a diagonal glide
with steps of one quarter unit cell edge 1n each direction.

[0051] In one embodiment, the solid acids are represented
by formula II: M*H.(XO,),;, wherein M 1s at least one metal
and each independently a metal cation. X 1s at least one
member and each independently selected from the group
consisting of P, S1, As, Ge, S, Se, W, Cr and V. In addition,
cach of subscripts 1, 1 and k 1s independently a non-negative
real number.

[0052] In another embodiment, the solid acids are com-
pounds having the formula Ila: M'*M**M>* M* M>*

H(QBn+40+2p-1-2j-3k-41- 5m)(X+5O4)H(X+404)G(X
60,),, wherein each M 1s a metal cation of the labeled charge
state, and each X 1s an element selected from the group
consisting of P, S1, As, Ge, S, Se, W, Cr and V, having the
labeled charge state. In addition, each of subscripts 1, j, k, 1,
m, n, o and p 1s a non-negative real number.

[0053] In yet another embodiment, the solid acids are
compounds of the formula III: M**,H(XO,)., wherein M*>*
1s a metal cation having a +2 charge. For example, com-
pound Ba,H(PO,), can be thought of as an intermediate to
Ba,La(PO,),, and Ba,(PO,),(SO,). With the incorporation
of hydrogen and the inherent rotation of the PO, groups, this
compound 1s a preferred solid acid of the present invention.

[0054] In a further embodiment, the solid acids are com-
pounds of the formula Illa: M2+ (1+1+J)(X+504)(3 iy (X*
40 ,); (X+6O4)J, wherein M™™" is a metal cation having a +2
charge, and each X is an element selected from the group
consisting of P, S1, As, Ge, S, Se, W, Cr and V, having the
labeled charge state. In addition, each of subscripts 1 and j 1s
a non-negative real number.

[0055] In another embodiment, the solid acids are com-
pounds of the formula IV: M2+ M**H,(XO,);_ (X' 0,);,

wherein M>* is a metal cation havmg a +2 charge; M 1s a
metal cation having a +3 charge; X 1s a member selected
from the group consisting of P, V and As; and X' 1s a member
selected from the group consisting of S1 and Ge. For
example, the compound Ba,BiH(PO,),(510,) 1s an interme-
diate compound between Ba,Bi(PO,),(510,) and
B1,(S10,),. The reduced charge of the S10, group (formally,
+4 for S1) compared to a PO, group (formally, +5 for P)
requires the incorporation of a proton for charge balance.
The presence of protons attached to the rotationally disor-
dered tetrahedra found 1n the eulytite structure of
Ba,B1(PO,),, results in superprotonic conduction of the
protons through the crystalline structure of the compound.

[0056] In still another embodiment, the present invention
provides compounds of the formula V: M'* MZJ’3 JM3+
H.(X0O,);, wherein M'* is a metal cation having a +1 charge;
M2+ is a metal cation having a +2 charge; and M>* is a metal
cation having a +3 charge. For example, the compound
KBa BiH(PO,); 1s an intermediate compound between
KBaBi,(PO,),, and Ba,B1(PO,),. Superprotonic conductiv-
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ity arises due to the presence ol protons attached to the
rotationally disordered tetrahedral of the compound.

[0057] In a further embodiment, the present invention
provides compounds of the formula Va: M'*M** ,_;_. . M>*
jH(l+i+j+k—1)(X5+O4)(3—k—1)(X+4O4)k(X+6O4)1: wherein each
M 1s a metal cation of the labeled charge state, and each X
1s an element selected from the group consisting of P, S1, As,
Ge, S, Se, W, Cr and V, having the labeled charge state. In
addition, each of subscript 1, 1, k and 1 are independently a
non-negative real number.

[0058] In another embodiment, the present invention pro-
vides compounds of the formula VI: M M>*, | . M®*
mH,(XO,);,, wherein M'* is a metal cation having a +1
charge; M** is a metal cation having a +2 charge; M“*™ is
a metal cation having a +3, +4 or +5 charge; and subscript
n 1s a non-negative real number. For example, the compound
KBa,ZrH(PO,), because of the incorporation of hydrogen
into the eulytite structure (with 1ts inherent rotations of the
PO, groups) 1s another preferred compound for expressing
superprotonic conductivity.

[0059] In a further embodiment, the present invention
provides compounds of Formula Vla: Ml+jM‘ZJ’@H_I_J-)M(2+
H)H(j+k‘*‘n—1*n)(X+504)(3—k—l)*H(X+4O4)k*n(X+604)1*113
wherein each M 1s a metal cation of the labeled charge state,
and each X 1s an element selected from the group consisting
of P, S1, As, Ge, S, Se, W, Cr and V, having the labeled
charge state. In addition, each of subscripts j, k, 1 and n are
independently a non-negative real number.

[0060] In still other embodiments, the present invention
provides compounds of formula VII: M**, M-
HH;(XO,);,, wherein M** is a metal cation having a +2
charge; M@ is a metal cation having a +3, +4 or +5
charge; and subscript n 1s a non-negative real number. For
example, the known compound Ba,Sn**(PO,). can have the
Sn** atoms reduced, in the presence of a hydrogen contain-
ing atmosphere, to Sn** atoms. Hydrogen is then simulta-
neously incorporated in to the eulytite structure (creating
BaSn**H,(PQ,),) for charge balance. The combination of
the inherent rotations of the PO, groups in this eulytite
structure and the presence of acid protons effectuate super-
protonic conductivity.

[0061] In further embodiments, the present invention pro-

vides compounds of Formula VlIla: M2+(4ﬂ_1)M(2+”+j)HG+
kn-1#0) (X0, 3 -1 1yen(X 0o (X001, Wherein each
M 1s a metal cation of the labeled charge state, and each X
1s an element selected from the group consisting of P, S1, As,
Ge, S, Se, W, Cr and V, having the labeled charge state. In
addition, each of subscripts 1, k, 1 and n are independently a
non-negative real number.

[0062] In vyet another embodiment, the solid acid is
selected from the group consisting of M**,H(XO,).,
M2 M7 H(XO,), (XO,). MM M H,(XO,),
MiM** . SMEH(XO,),, and M, ,ME™-
HH(XO,);,, wherein M'* is a metal cation having a +1
charge; M** is a metal cation having a +2 charge; M°™* is a
metal cation having a +3 charge; M“*™™ is a metal cation
having a +3, +4 or +5 charge; M is a metal cation
having a +3, +4 or +35 charge; and subscripts 1 and n are each
independently a non-negative real number.

[0063] Furthermore, any combination of the above
examples have superprotonic conductivity over a large tem-
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perature range and are stable 1n a liquid water environment.
In the eulytite structures listed above, a 4:3 of cation to anion
ratio (corresponding to M_,(XO,),, 1.€., the general formula)
1s maintained, while the hydrogen atoms are incorporated
into the structure for charge neutrality. In general, as long as
the 4:3 metal cation to anion ratio of the eulytite structure 1s
maintained, the incorporation of the appropriate amount of
protons into the structure 1s possible. Therefore, the most
general formula for superprotonic solid acid eulytites simply
maintains an overall ratio of 4:3 for the number of metal
cations to number of anions 1n the structure, regardless of the
exact stoichiometry, with some amount of stoichiometric
hydrogen incorporated into the crystal structure. This gen-
eralization also applies to non-homogenous tetrahedral
amions such as PO,F, PO,H, AsO,F, S10,F, and the like, as
well as non-tetrahedral anions that might be 1n the eulytite
structure (such as I"' in the compound Pb,(PO,).I). More-
over, the cations need not to be individual atoms such as K,
Ba, or Bi, but can equally be NH,*, or other small mol-
ecules. As long as the eulvtite structure 1s maintained (with
the inherent rotations of the oxyanions) and protons are
incorporated into the crystalline structure, all such com-
pounds exhibit superprotonic conductivity.

[0064] Some solid acids can be prepared by contacting a
metal, a carbonate salt, a metal oxide or a metal hydoxide
with a predetermined amount of an acid 1 an aqueous
solution, then evaporating the solvent. For example,
CsH PO, can be prepared by reacting one equiv. ot Cs,(CO;
with one equiv. of H,PO,. Similarly, CsHSO,, can be pre-
pared by reacting one equiv. of Cs,CO; with one equiv. of
H,SO,. Synthesis routes to superprotonic solid acids, such
as eulytite solid acids include, but are not limited to:
hydrothermal methods, melt processing, high pressure/tem-
perature methods, single crystal growth from phosphate and
silicate gels, 10n exchange procedures, and solid state syn-
thesis followed by reduction/incorporation of hydrogen.
Various methods for preparing solid acids are described in

the U.S. Pat. No. 6,468,684 and US Patent Application No.
2006/0020070 ncorporated herein by reference.

[0065] The secondary component in the solid acid com-
posite can be an organic compound, an organometallic
compound, an 1norganic compound, a ceramic, a nanostruc-
ture, a metal or a polymer. Preferably, the secondary com-
ponent has a plurality of surface hydrogens and 1s capable of
forming hydrogen bonds with the solid acids. For example,
suitable secondary component includes, but 1s not limited to,
an morganic compound, a ceramic material, a nanostructure
and a polymer, each of the compounds, material structures or
polymers having hydrogen bond donors and/or acceptors on
the respective surfaces.

[0066] The present invention contemplates that the surface
hydrogen of the secondary compounds can interact with
solid acids through hydrogen bonding, dipolar interactions,
van der Waals interactions or combinations of interactions.
Preferably, the surface hydrogen of the secondary compo-
nent 1nteract with the surface of the solid acid compounds,
for example, through hydrogen bonding, to form a plurality
ol interfaces that are favorable with respect to high protonic
conductivities and stabilities. For example, the secondary



US 2007/0128491 Al

component can interact with the solid acid to form a hydro-
gen bonded network at the interfaces leading to increased
resistance for mechanical creep and high conductivity for
solid acid.

[0067] Insome embodiments, the secondary component 1s
an 1norganic compound. Many types ol 1norganic com-
pounds have hydrogen atoms on their surfaces. In general,
these compounds can be classified ito four groups: 1)
crystallographic hydrates, where the water 1s 1ncorporated
into the crystal structure (e.g., Na,H,S10,*3H,0O,
Sry (PO, )*4H,0, BaHAsO,*H,QO,
Ca.(HPO,),(PO,),*5H,0, etc. see, Schmid, R. L. et al. Acta
Cryst. 1985, C41, 638-641; Collin, R. L. I. Chem. and Eng.
Data 1964, 9(2), 163-66; Nabar, M. A. et al. Monatshefte
Fur Chem. 1978, 109, 673-79; Mathew, M. et al. J. Cryst
and Spec. Res. 1988, 18(3), 235-50), 2) hydroxide com-

pounds, where crystallographic hydroxide 1ons (OH™) are
situated 1n the compounds structure (e.g., Ba.(PO,),OH,
Ca(HS10,)OH, etc., see, Bondareva, O. S. et al. Kristal-
lografiva 1986, 31, 233-36; Marsh, R. E. Acta Crystallo-
graphica 1994, C30, 996-7), 3) solid acids (see, U.S. patent
application Ser. No. 09/439,377, incorporated herein by
reference), where acidic protons are found crystallographi-
cally positioned on oxyanions (CsHSO,, CsHPO,,
K. H(SO,),, etc., see, Chisholm, C. R. 1. et al. Solid State
lonics 2001, 145, 179-84; Chisholm, C. R. 1. et al. Mater.
Res. Bull. 2000, 35, 999-1003), and 4) compounds with
hydrogen containing species chem-absorbed to their sur-
faces (e.g., S10,%*xH O, LaPO,*xH,O,
LaPO,*xH,O(H,PO,)_, CePO,*xH,O(H,PO,)_, etc., see,
Lucas, S. et al. J. Solid State Chem. 2004, 177, 1302-11;

Lucas, S. et al. J. of Solid State Chem. 2004, 177, 1312-20),
or structural cavities (e.g., zeolite water, see, Donaldson, .
D. et al. J. Inorganic and Nuclear Chem. 1967, 25, 1239).

[0068] Inoneembodiment, the secondary component is an
1norganic compound of  the formula  VIII:
M'y(X'O,) . *nH,O(HX"0,),, where M' 1s a cation having a
charge from +1 to +7; preferably from +1 to +4; more
preferably, from +1 to +3. X' and X" are each independently
an element that can form oxyanions. Subscripts n and g are
non-negative real numbers with the proviso that n and g are
not both equal to zero at the same time, for example, 11 n=0,
then g=0 and vice versa. Subscripts d, e, 1, y and z are each
independently a non-negative real number, preferably from

1 to 15, more preferably from 1 to 9, and even more
preferably from 1 to 4,suchas 1.1,1.2,1.3,1.4,1.5,1.6,1.7,

1.8,19,20,2.1,2.2,23,24,2.5,2.6,2.7,2.8,2.9,3.0,3.1,
3.2, 3.3, 34, 3.5, 3.6, 3.7, 3.8, 3.9, 4.0. In some embodi-
ments, M' can be a metal cation selected from the group
consisting of alkali and alkaline metals, such as Li*, Be**,
Na*, Mg>*, K*, Ca**, Rb*, Sr**, Cs*, Ba’*; transition
metals, such as, Sc*, V°*, V°*. Cr’*, Crt, Mn**, Mn’*,
MH6+, MHT-I-, Fez““, Fe3+, C0+, C02+5 Ni2+j Cll+,, CU.2+,, ZIl2+,,
Y3+3 Nb3+,, M03+3 M06+3 TEI3+,, TEIS_I_,, W3+, W6+, Rll2+, Rh2+,,
Rh**, Pd**, Pd**, Ag*, Cd**, Cd**, Ir'*, Pt**, Pt**, Au*,
Au’* and Hg* and Hg™"; the lanthanides, such as La>*, Ce’*,
PI'3+3 Nd3+j P.1113+j Snl3+j Eu3+j ]:)g3+:J Tb3+:J Dy3+; HO3+,,
Er'*, Tm>*, Yb’* and Lu’*; post-transition metals, such as
AlP*, Ca’*, In*, In’*, T1, T°*, Ge**, Sb>*, Bi®*, Sn**, Pb*™*;
and maxtures thereof. Preferably, M' i1s a metal cation
selected from the group consisting of Li*, Be**, Na*, Mg”*,
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K>° , Ca**, Rb*, Sr**, Cs*, Ba**, Mn~", Fe**, Co*, Co**,
Ni2+j CU._: Cll2+j ZIl2+,, RU.Z_I_, ha_: Pd2+j Ag_l_; Cd2+j Pt2+j
Au*, Hg*, Hg*, In*, TI*, Ge**, Sn”*, Pb”* and mixtures
thereof. More preferably, M' 1s a metal cation including, but
not limiting to, Li*, Be**, Na*, Mg~*, K*, Ca**, Rb*, Sr**,
Cs*, Ba®* and mixtures thereof. Alternatively, M' is a
non-metal cation, including, but not limiting to, NH,™,
pyridinium ion, pyrrolium ion, imidazolium ion, (R )NH,*,
(RHRANH,* and (R"HR*)(R*)NH*, where R, R* and R>
are each independently alkyl, C,_,.cycloalkyl, arylalkyl,
heteroalkyl, aryl and heteroaryl. Alkyl groups include linear
alkyl or branched alkyl, preferably C,_salkyl. Cycloalkyl
groups 1nclude monocyclic, bicyclic, tricyclic and spiro
alkyls. Aryl groups include C,_,,aryl and fused aromatic
compounds. Heteroalkyl groups refer to alkyl groups con-
taining at least one heteroatom selected from O, N and S.
Preferred heteroalkyls are C,_.heteroalkyls. Heteroaryl
groups refer to aryl groups that contain from one to five
heteroatoms selected from N, O, and S. Examples of ammo-
nium 1ons include, but are not limited to, (C,H;),NH,™,
CH,NH,™, (CH;),NH,", (CH;),NH", C.H.N™ (pyridinium
ion), C,H.N™ (pyrrolium ion), C;H.N,* (imidazolium ion)
and C,H,ON™ (oxazolium 10n). In certain embodiments, X'
and X" are each independently an element selected from the
group consisting of S, Se, P, As, S1, Ge, V, Cr, W and Mn.
Exemplary secondary component inorganic compounds

include S10,*xH,0, LaPO,*xH,O,
LaPO,*xH,OH;PO,)., CePO,*xH,O(H;PO,)...
PrPO,*xH,O(H,PO,),, NdPO,*xH,O(H,PO,),,
PmPO,*xH,O(H;PO,)_, SmPO ,*xH,O(H,PO,).,
EuPO,*xH,O(H;PO,).. GdPO,*xH,O(H;PO,),,,
TbPO, *xH,O(H,PO,)_, DyPO,*xH,O(H,PO,)._,
HoPO,*xH,O(H,PO,) ., ErPO,*xH,O(H;PO,)_,
TmPO_ *xH,O(H;PO,),, YbPO,*xH,O(H;PO,),,
LuPO, *xH,O(H,PO,).,, BaSO,*xH,O, Al,0,*xH,QO,

TiO,*xH,0, Zr(SO,),*n,0.

[0069] The secondary component of the formula VIII has
surface hydrogens resulting from the bonded H,O and/or
acid, HX"O_. The compound 1s capable of forming a
hydrogen bond network with the solid acid component
resulting 1n a solid acid composite with increased thermal
stability, improved mechanical properties, and high proton
conductivity.

[0070] In other embodiments, the secondary component
can be an inorganic eulytite compound. Known eulytite
compounds have the general formula M_,(XO,), (M=Na, K,
Rb, Ag, Ba, Sr, Ca, La, Ce, Pr, B1, Pb, and the like; X=51,
Ge, P, As, V, S, Se, Cr) and cubic space group 14 3d. A list
of some known eulytite compounds can be found in Table 1.
In addition to the types of compounds listed 1n Table 1, there
1s evidence of significant solubilities of the different com-
pounds with each other and hence, a large number of
intermediate compounds can be synthesized (Perret, R. et al.
Journal of the Less Common Metals 1985, 108, 23-34;
Kargin, Y. F. et al. Neorganicheskie Materialy 1991, 27(3),
563-565; Elouadi, B.; et al. Phase Trawnsitions 1988, 13,
211-218). In some cases, it has even been reported that the
XQO, groups can be replaced by other large anions, such as

[-' in the compound Pby(PO,).I (Merker, V. L. et al.
Zeitschrift Fur Kvistallographie 1967, 125, 266-2771).
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List of some known eulytite compounds grouped by general formula

M*™4(XO04); M™3M™(XO,);

B1,4(S10,4);  Baj;La(PO,); KBaBi1,(PO,); Pb,(PO,4)->(SO,)

B1,(Ge0O,); Ba;Bi1(PO,); K;Bi15(PO,)6 Pb,(PO,4)-(CrO,)
Sr;La(POy ), RbBaBi1,(PO,); Ba,(PO,),(S0,)
CazLa(POy); AgPbBI1,(POy); S14(PO4)>(SO,)

[0071] The secondary inorganic compounds can be pre-
pared by contacting a metal, a metal oxide, a metal hydrox-
ide or a metal carbonate with a predetermined amount of
acid 1n an aqueous solution; a protic organic solvent, such as
an alcohol; a polar aprotic organic solvent, such as an amide
or a sufoxide; or a mixed aqueous-organic solution. Prefer-
ably, the reaction 1s conducted in an aqueous environment.

For example, La(PO,) can be prepared by reacting of La,O,
with a stoichiometric amount of H,PO, 1n water.

[0072] In one embodiment, the secondary component can
be an eulytite compound having a formula selected from the

group consisting of M**,(XO,),*nH,O0(HX'0,),, M™,M*
3(X0,), *nFLO(HX'0,),. M LM*2, M

i(X0,);*nH,0(HX'O,),, M+24(XO4)2(XTO4)
*nH O(HX"O,), and M*, M

n)(XO,)s, *nH,OHX'O,),, where M 1s a metal as defined
above and having the stated charge; X and X' are each
independently an element selected from the group consisting
of S, Se, P, As, S1, Ge, V, Cr, W and Mn. Subscripts 1, 1, z,
g and n are as defined above. Subscripts n and g are
non-negative real numbers with the proviso that n and g are
not both equal to zero at the same time, for example, 11 n=0,
then g=0 and vice versus.

[0073] In some embodiments, the secondary component
itself can be a composite material, such as ceramics having
hydrogen bond donors and/or hydrogen bond acceptors
molecules attached to the surfaces to provide hydrogen
bonding active surface hydrogens. Example of such com-
posite materials include, but are not limited to ceramics,
metals and glass. Preferred ceramic material includes, for
example, silicon carbide (Si1C), Si;N,, LaPO,, YPO,,
AlPO,, CePO,, 7ZrO,, T10,, BaZrO,, BaTiO, or Y,0,.
Preferred metals include gold, silver, platinum, coballt,
nickel and palladium. In one embodiment, the surface of SiC
can contain a functional group, such as —OH, —NH,,
NH,C(O)—, —COOH, —S1—H; or a molecule, such as
NH, or H,O. For example, the SiC can contain silanol
groups eg., S1—OH, absorbed hydrogen atoms (S1/C—H),
water molecules (S1/C—OH,) or ammonia (S1/C—NH,).
The surface of the ceramic materials can be modified
through physical or chemical absorption by contacting the
surface with the appropriate chemicals, including H,O,
NH,, alcohols, amide, thiols, hydroxides or acids at ambient
to elevated temperatures. In one embodiment, the absorption
reaction 1s carried out in solution, such as an aqueous
solution. The acids used for absorption on the surface can be
inorganic acids, such as HNO,, H,SO,, H,PO,, hydrogen
halide, H,BO,, H,SeO, and H,WQO,; and organic acids,
such as carboxylic acids. A person of skill in the art waill
appreciate that other chemicals and acids can also be used.
Techniques of self-assembly of molecules on the surface can

M+le+23—jM+31+j(XO4)3 M* 4(X0,4)2(X'0y)

M*2 40 IMTE(XOy) 3,
Ba-Zr(PO,),
Pb-Sn(PO, ),

St T1{(PO,)g

Ba Ta(POy)g

also be used to prepare modified surfaces (see, Whitesides,
G. M. et al. Science 2002, 295, 2418-2421; Birdi, K. S.
Self-Assembly Monolayer Structures of Lipids and Macro-
molecules at Interfaces; Springer, 1st Ed. 1999). The chemi-
cals used to modily the surface structure can be in either gas,
liquid or solution phase. The absorbed species can remain
stable on the surface at high temperatures (e.g. ~300° C.) for
an extended period of time as a result of the formation of
dative bonds between the donor molecules and the surface.
Examples of stabilizing interactions of the absorbed species,
such as NH;, water and hydroxyl 1on on the S1C surface are
shown below.

la

1b

Ic

1d

[0074] In certain other embodiments, the secondary com-
ponent can be hompolymers, copolymers or polymer blends
having hydrogen bond donor and/or acceptors attached to
the polymers, preferably having a plurality of surface hydro-
gen suitable for hydrogen bonding. Suitable polymers can
contain acid and/or base functionalities. Examples of poly-
mers include, but are not limited to, polyimides; polyimi-
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dazoles, such as polybenzimidazoles, poly(2-hydroxybenz-
imidazole), poly(benzimidazole-5-carboxylic acid) and
poly(2-nonyl bemimidazole); poly(trimesic acid)s; polyamic
acids; polyamic acids/polyimides; polyamines, polyamides,
such as polyphthalamide; poly(monododecylphosphate);
poly(dihexadadecyl phosphate), poly(phenyl phosphoric
acid); polyaniline; a phosphated tetrafluroethylene coploly-
mer; and Nafion®, a sulfonated tetratluorethylene copoly-
mer manufactured by Dupont de Nemours chemical com-
pany. In one embodiment, the polymers have a cross-linked
structure with surface hydrogens. The cross-linked polymers
can be synthesized by homopolymerizing a multifunctional
monomer or copolymernzing at least two multifunctional
monomers. The monomers used for preparing cross-linked
polymers typically have at least two reactive functional
groups. An example of such a monomer 1s trimesic acid
having the formula: C.H,(COOH); with three carboxylic
acid groups at 1, 3 and 5 positions of the benzene ring. The
compound 1s a crystalline powder and has a melting tem-
perature about ~375° C., and 1s used as a plasticizer to
engineer the mechanical properties, epoxy resins and syn-
thetic fibers. A composite membrane of a solid acid and
trimesic acid can be formed by grinding the two compounds
together and then mechanically compressing the mixture
into the desired membrane shape. The trimesic acid can then
be cross-linked to itself by heating at 250° C., forming a
polymer support structure in the composite membrane. The
hydrogens on the carboxylic groups can then interact with
the non-bonded oxygens of the solid acid, while the hydro-
gens of the solid acid can form bonds with the double
bonded carbonyl oxygens of the carboxylic groups and the
residues of the hydroxyl groups of the carboxylic acids. The
interaction of the solid acids and the polymer particles result
in hydrogen bonds of medium strength being formed
between the solid acid and polymer particles. These bonds
are formed at random, greatly enhancing the protonic con-
ductivity at the solid acid/polymer interface. At the same
time, the medium strength bonds mechanically strengthen
the interaction between the solid acid and polymer, thus
transierring the mechanical properties of the polymer to the
solid acid.

[0075] In yet another embodiment, the secondary compo-
nent 1s a polyimidazole, such as polybenzimidazole (PBI),
which can be mixed and made into a proton conducting
clectrolyte membrane with properties well suited for appli-
cations such as fuel cells, hydrogen separation membranes,
clectrolyzers, electrochromic displays, supercapacitors, and
gas sensors (H,, CO, etc.). Although 1t 1s known 1n the art
that PBI can be used in conjunction with corrosive phos-
phoric acid for proton conduction, solid acid/PBI proton
conducting composite membranes have many advantages.
First, solid acids have vapor pressures, which are several
orders ol magnitude lower than phosphoric acid, so that
expensive graphitization of application parts 1s not neces-
sary. Second, solid acid electrolytes do not solubilize noble
metal catalysts, allowing the use of much smaller catalyst
particles (1.e., high catalyst surface area) and hence, lower
catalyst loadings and MEA cost. Finally, the mechanical,
chemical and thermal stabilities of PBI are a nearly ideal
match for use with solid acid membranes operating in the
range 200-300° C. For example, the material maintains its
polymer-like properties (e.g., compressive/tensile strengths
and Poisson’s ratio) up to ~540° C. and 1s highly resistant to
both oxidation and reduction even at temperatures above
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400° C. PBI can be synthesized by polymerization of
3.,3'-diaminobenzidine and diphenyl 1sophthalate (see,
Buckley, A. et al. “Polybenzimidazoles™ p 572-601 in Ency-
clopedia of Polymer Science and Engineering. Vol 11;

Wiley, N.Y. 1988; Marvel . C. S. 1. Macromol. Sci. Rev.
Macromol. Chem. 1975, C13, 219; Ueda, M. et al. Macro-
molecules, 1985, 18, 2723). PBI and the eulytite acid can
also interact to form hydrogen bonds of medium strength
leading to composite with improved mechanical property,
thermal stability and high protonic conductivity.

[0076] In still another embodiment, the secondary com-
ponent can be an 1onomer, for example, a sufonated tet-
rafluorethylene copolymer, such as Nafion® (tetratluoroet-
hylene-perfluoro-3,6-dioxa-4-methyl-7-octenesulionic acid
copolymer) having the formula:

\L/C /\

CF;
| \

—CF,
\‘CF }/ \CF2 S/
CF3

These unique polymers have 1onic properties as a result of
incorporating pertluorovinyl ether groups terminated with
sulfonate groups onto a polytetrafluoroethylene (e.g.,

Tetlon) backbone. Nafion has excellent thermal (>300° C.)

and mechanical stability, and resistance to chemical attack.
Nafion can be cast mto thin films by heating 1n aqueous
alcohol at 250° C. Nafion dertvatives are first synthesized by
the copolymerization of tetrafluoroethylene and a dernivative
of a pertluoro(alkyl vinyl ether) with sulfonyl acid fluoride.
The latter reagent can be prepared by the pyrolysis of its
respective oxide or carboxylic acid to the olefinated. The
resulting product 1s an —SO,F thermoplastic that 1s
extruded mto films of required thickness. This form of
Nafion, referred to as the neutral or salt form, 1s chemically
activated by hydrolysis by soaking the film in aqueous acid
solution; this process gives the superacid —SO;H form (see,
Mauritz, K. A. et al. “State of Understanding of
Nafion”Chem. Rev. 2004, 104: 4535-4585; and U.S. Pat. No.
3,282,875 mncorporated herein by reference). One of skill 1in
the art will appreciate that other copolymer, such as a
phosphated tetrafluorethylene copolymer can be prepared
using the similar methods. The interaction of the acidic
SO, H, sulfite groups with the oxyanion groups of the solid
acid, such as phosphate groups of CsH,PO, results in a
disordered hydrogen bonded network that simultaneously

bonds the solid acid to the polymer matrix and also leads to
high protonic conductivity at the interface.

[0077] In another embodiment, the secondary component
can be polyimide, polyamic acid or a mixture of polyamic
acid and polyimide. Polyimide can be synthesized by dehy-
dration of polyamic acid as shown below:
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polyamic acid

Polyamic acid has both hydrogen bond donors and accep-
tors, which can interact with solid acid, such as CsH,PO, to
form composite materials having disordered hydrogen
bonded network at the interface leading to high proton
conductivity. Polyimide has oxygen and nitrogen atoms,
which can interact with the hydrogen, such as surface
hydrogen of the solid acid to form hydrogen bonds inter-
faces, which can also lead to high proton conductivity.

[0078] In a further embodiment, the secondary component
can be a nanostructure. Suitable nanostructures include, but
are not limited to, finctionalized carbon nanotubes and
functionalized fullerenes. Both single-wall and multi-wall
nanotubes can be used. A person of skill 1n the art will
appreciate that other functionalized nano materials can also
be used. In general, the nanostructure are functionalized
with functional groups that can form hydrogen bonds with
the solid acids. Suitable functional groups include, but are
not limited to, OH, —NH,, NH,C(O)—, —COOH and
—SH. Functionalized carbon nanostructures can be pre-
pared according to the process known in the art (see,
Smalley, R. E. et al. Carbon Nanotubes: Synthesis, Struc-
ture, Properties and Applications, Springer; 1st Ed, 2001;
Ajayan, Z. P. et al. “Making Functional Materials with
Nanotubes”Material Res. Soc. Sym. Proc. 2002, V. 706;
Geckeler, K. E. Functional Nanomaterials; American Sci-
entific Publishers, 2006).

[0079] The solid acid composite materials also have inter-
taces with increased structural disorder compared to bulk
solid acids, such that increased resistance to mechanical
creep, improved thermal stability and enhanced proton con-
ductivity are observed. The interfaces are formed by inter-
actions between the solid acid component and the secondary
component. The interfaces can be formed through hydrogen
bonding, dipolar interaction, van der Waals interactions or
combinations of forces. Preferably, the interfaces are formed
through hydrogen bonding interactions. Hydrogen bond
donors are surface hydrogens and hydrogen bond acceptors
are molecules or structures with atoms having lone-pair
clectrons. Examples of atoms suitable for hydrogen bonding
include, but are not limited to, N, O, S or halogens, for
example, F, Cl, and Br. The solid acids can be both hydrogen

) U;bi
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bonding donors and acceptors. The secondary component
can be hydrogen bond donors and/or acceptors. In one
embodiment, the iterfaces are formed by hydrogen bonding
interactions between the hydrogen bond donors, such as
surface hydrogens and acceptors of the solid acids and the
hydrogen bond donor and acceptors of the secondary com-
ponent. For example, the hydrogen bond donors of the

secondary component are surface hydrogens. In another
embodiment, the interfaces are formed by hydrogen bonding
interactions between the hydrogen bond donors and accep-
tors of the solid acids and the surface hydrogens of the
secondary component. The interfaces are formed such that
they can provide high protonic conductivity, mechanically
stabilizing solid acid electrolyte membranes with respect to
thermal creep, and kinetically stabilizing the surfaces of
solid acids with respect to, dehydration. The dimension of
the interfaces can be controlled by using different solid
acids, diflerent secondary components or by alteration of the
s1ze of the solid acid particles and/or secondary component
particles. In some embodiments, the interfaces formed have
a dimension ranging ifrom about 5 nm to about 5 um. The
dimension of the interfaces 1s determined from the average
distance of the particles in the composite.

[0080] The interfaces can be formed by a solid acid and a

secondary component selected from the group consisting of
an 1organic compound, a polymer, a nanostructure, a metal,
glass and ceramic material. The solid acid can be a com-
pound with the formulas 1, Ia, Ib, II, Ila, III, IIIa, IV, V, VI,
Vlia, VII, VIla or combinations of the foregoing. In some
embodiments, the interfaces are formed between the solid
acids and 1norganic compounds, such as a compound having
the formula VIII: M'((X'O,,).*nH,O(HX"O,), as described
above. In certain other embodiments, the interfaces are
formed by solid acids and an eulytite compound having the
formula: M*°,(XO,), *nH,O(HX'0,),, where the M 1s a
metal selected from the group consisting of Na, K, Rb, Ag,
Ba, Sr, Ca, La, Ce, Pr, Nd, Pm, Sm, Eu, Dg, Th, Dy, Ho, Er,
Tm, Yb, Lu, B1, Pb; X and X and X' are each independently
an element selected from the group consisting of S1, Ge, P,




US 2007/0128491 Al

As, V, S, Se, Cr, Mn and W; and subscripts d, vy, €, n, 1, g,
7z are non-negative real numbers. Subscripts n and g are not
both equal to zero at the same time, for example, 1f n=0, then
o0 and vice versa. The interfaces are comprised of hydro-
gen bond network formed through hydrogen bonding inter-
actions between the solid acids and the secondary com-
pounds.

[0081] In another embodiment, interfaces are formed by
solid acids and ceramics with modified surface structure,
which are suitable for hydrogen bonding, Examples of
ceramics include, for example S1C with hydrogen bonding
donor molecules attached to the surface. In yet another
embodiment, interfaces are formed by solid acids and poly-
mers having surface hydrogens, which are suitable for
hydrogen bonding. Polymers with surface hydrogens
include, but are not limited to, PBI, poly(trimesic acid),
polyimide, polyamide, polyamine and Nafion. In still other
embodiments, interfaces are formed by solid acids and
functionalized nanostructures. Exemplary {finctionalized
nanostructures include, but are not limited to, hydroxyl or
amino Iunctionalized carbon nanotubes. The hydrogen
bonds form a disordered hydrogen boned network at the
interface leading to increased resistance to mechanical creep
for the solid acid component, At the same time, the disor-
dered hydrogen boned network of the interface results 1n
high conductivity.

[0082] The solid acid composite material can be prepared
by mixing solid acids, such as solid acid particles with a
secondary component, such as secondary component par-
ticles. The solid acid and the secondary component are
interconnected through interfaces formed by hydrogen
bonding interactions, dipolar interactions, van der Waals
interactions or combinations of different interactions. The
composite materials can be eitther crystalline, amorphous or
have a mixed morphology. The dimension of the solid acid
particles and secondary component particles can be 1n the
ranges ol about 1 mn to about 25 um. Exemplary particle
dimensions of the composite material are from about 1 nm
to about 200 nm, 100 nm to about 500 nm, from about 300
nm to about 1 um, from about 800 nm to about 5 um, from
about 900 nm to about 8 um, from about 300 nm to about 5
um, from about 500 nm to about 10 um, from about 5 um to
about 20 um and from about 15 um to about 25 um. One of
skill 1n the art recognizes that the composite materials can
have other particle sizes. The dimension of the solid acid
composite particles can be 1n the range from nanometers to
micrometers, for example, from about 5 nm to about 50 um.
The particles can adopt various symmetrical, unsymmetrical
or mrregular shapes. Examples of regular particle shapes
include, but are not limited to, spherical, oval, cubical,
cylindrical, polyhedral or combinations thereof. The solid
acid composite particles can have a regular arrangement or
a random distribution depending on the solid acid and the
secondary component used, which have allowed the fine
tuning of the structure and properties of the interfaces
formed.

[0083] Various methods are available for the preparation
of the composite material. In one embodiment, the compos-
ite material can be prepared by mechanically grinding the
two components together 1n a predetermined ratio to achieve
intimate mixture. For example, CsH PO,/
LaPO,*nH,O(HPO,), can be prepared by mechanically

ogrinding solid acid CsH,PO, with secondary compound
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LaPO,*nH,O(HPO,), . For example, the solid acid compos-
ite can be prepared by mixing a 1:1 molar ratio of CsH,PO,
and LaPO,*nH,O(HPO,), at temperatures from about 23°
C. to about 300° C. 1n ambient pressure. In another embodi-
ment, the solid acid composite material can be prepared by
co-precipitation from a solution. For example, a composite
of CsH,PO, and Nafion can be formed by co-precipitation
from an aqueous solution at about 60° C. A thin film
composite useful as a fuel cell membrane 1s prepared by
casting a thin layer of the material 1n an aqueous solution
over a flat surface, such as glass dish. In yet another
embodiment, the composite can be prepared by melt-pro-
cessing. For example, the solid acid can be melt-processed
onto a preformed membrane containing a secondary com-
ponent.

[0084] The composite material has surprising and unex-
pected advantages over bulk solid acid matenials. First, the
composite material exhibits a superprotonic-like conductiv-
ity far below the phase transition temperatures of the pure
solid acid (FIG. 1). For example, solid acid composite
CsH,PO,/LaPO,*nH,O(H,PO,) shows superprotonic-like
conductivity far below the superprotonic phase transition
temperatures of CsH,PO,. Moreover, the composite mate-
rial was capable of being dehydrated above 350° C. and then
rehydrated below 350° C., a property not possible with a
pure solid acid sample (FIGS. 2 and 3). Second, the sec-
ondary compound interacts with the solid acid and thermo-
dynamically stabilizes the surface of the solid acid (e.g.,
with respect to dehydration) by either increasing the etlec-
tive partial pressure of water at the solid acid’s surface or
through the formation of a highly stable surface layer phase.
For example, secondary compound LaPO,*nH,O(H,PO,)
interacts with CsH,PO,, then thermodynamically stabilizes
the surface of CsH,PO,. Third, the mechanical properties of
the solid acid composites are more favorable with respect to
plastic deformation as the solid acid composites reduce
express the “superplasicity” of the solid acids 1n the super-
protonic phase and the plastic deformation by twinmng
found 1n solid acids at lower temperatures.

0085]

0086] In one aspect, the proton conducting membranes of
the present invention include a solid acid composite. The
solid acid composite comprises a solid acid component,
wherein the solid acid component 1s capable of conducting
protons 1n a solid state through a superprotonic mechanism;
a secondary component having a plurality of surface hydro-
gen; and a plurality of interfaces formed by the solid acid
component and the secondary component. The composite 1s
formed through the interaction of solid acid and the second-
ary compound. Preferably, the interactions are hydrogen
bonding interactions between the solid acid and the second-
ary compound. More preferably, the hydrogen bonds are
formed between the solid acid and the surface hydrogens of
the secondary component.

[0087] In another aspect, the present invention provides a
proton conducting membrane prepared by contacting a solid
acid component with a secondary component having a
plurality of surface hydrogen under conditions suflicient to
generate a composite, wherein said solid acid component
interacts with said secondary component to form a plurality
of interfaces. Solid acid composite membrane can be pre-
pared combining the solid acid and the secondary compo-

III. Proton Conducting Membrane
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nent 1n a volume ratio from about 9:1 to about 1:1 at ambient
temperature or elevated temperatures. For example, a vol-

ume ratio of 9:1, 8:1, 7:1, 6:1, 5:1, 4:1, 3:1, 2:1, 1:1.

|0088] In some embodiments, the proton conducting
membrane comprises a solid acid composite comprising a
solid acid of the formula I: M_H, (X0O,)_, a secondary com-
ponent being a compound of the formula VIII:
M'4(X'O,) . *nH,O(HX"0,) , and interfaces formed by the
solid acid and the secondary component, where M and M’
are each independently a metal cation as defined above; X,
X'"and X" are each independently an element that 1s capable
of forming oxyanions and are as defined above; subscripts a,
b, t,c,d, vy, e, T and z are each independently a non-negative
real number, preferably from 1 to 135, more preferably from
1 to 9, and even more preferably from 1 to 4, such as 1.1, 1.2,
13,14,15,16,1.7,18,19,2.0,2.1,2.2,2.3,2.4,2.5,2.6,
2.7,28,29,3.0,3.1,3.2,33,3.4,3.5,3.6,3.7,3.8,3.9,4.0;
and n and g are non-negative real numbers with the proviso
that n and g are not both equal to zero at the same time, for
example, 11 n=0, then g=0 and vice versus.

[0089] In other embodiments, the proton conducting mem-
brane comprises a solid acid of the formulas Ia, Ib, 11, Ia, II1,
IIIa, 1V, V, VI, Vla, VII or Vlla; a secondary compound
selected from the group consisting of formula VIII,
S10,*xH, O, LaPO,*xH,0, LaPO_ xH,O(H,PO,).,
CePO,*xH,O(H,PO,), ; and interfaces formed by the solid
acid and the secondary compound.

[0090] In yet other embodiments, the proton conducting
membrane comprises a solid acid of the formulas 11, IIa, II1,
IIIa, IV, V, VI, VIa, VII or Vlla; and a secondary compound
including, but not limiting to, LaPO,, BaSO,, Al,O;, Ti0O,,
S10,, eulytite compounds listed 1 Table 1 and eulytite
compounds having the general formula M, (X0, ), (M=Na,
K, Rb, Ag, Ba, Sr, Ca, La, Ce, Pr, B1, Pb and; X=51, Ge, P,
As, V, S, Se, Cr).

[0091] In still other embodiments, the proton conducting
membrane comprises a solid acid of the formulas 1, Ia, Ib, II,
[Ia, III, IIIa, IV, V, VI, Vla, VII or VIla; a secondary
component selected from the group consisting of a polymer,
a metal, ceramics and a nanostructure, such as functional-
1zed carbon nanotubes or fullerenes; and aplurality of inter-
taces formed by the solid acid and the secondary component.

[0092] Various methods are available for the preparation
of the proton conducting membranes. For example, the
membrane can be prepared by mechamcally grinding the
two components together mm a predetermined ratio and
mechanically compressing to form a membrane with a
desired shape. For example, CsH PO,/
LaPO,*nH,O(HPO,), can be prepared by mechanically
grinding solid acid CsH,PO, with secondary compound
LaPO,*nH,O(HPO,),. The proton conducting membrane
can also be prepared by co-precipitation from a solution
tollowed by mechanical comprssing. For example, a proton
conducting membrane of CsH,PO, and Nafion can be pre-
pared by co-precipitation from an aqueous solution at about
60° C. In yet another embodiment, the proton conducting
membrane can be prepared by melt-processing. For
example, a solid acid/poly(imide) composite 1s prepared by
melt-processing of the solid acid onto a preformed mem-
brane containing polyimide.

10093] The proton conducting membrane of the present
invention has several unexpected characteristics. The solid
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acid composite proton conducting membrane has a proton
conductivity from about 10~ Q' cm™ to about 0.2 Q™'
cm™' in the temperature ranging from about 130° C. to about
330° C. The composite material or the proton conducting
membrane containing the composite material 1s also capable
of being dehydrated above certain temperatures and then
rehydrated below certain temperatures, a property not pos-

sible with the pure solid acid. For example, solid acid
composite CsH,PO,/LaPO, *nH,O(HPO,), can be dehy-

drated above 350° C. and then rehydrated below 350° C.
(FIGS. 2 and 3).

[0094] The present invention also provides a method of
rehydrating a solid acid composite or a proton conducting
membrane containing the solid acid composite. The method
includes contacting the solid acid composite with a water
molecule under conditions suflicient for rehydrating. The
water can be either in the liquid phase or vapor phase,
preferably, the composite 1s 1n contact with water vapor

between about 100° C. to about 500° C.
0095] A. Membrane Properties

0096]| Solid acids have certain characteristics that can be
advantageous when used as a proton conducting membrane.
The proton transport process does not rely on the motion of
hydronium 1ons, thus solid acids need not be humidified and
their conductivity 1s substantially independent of humidity.
Another advantage 1s that solid acids are generally stable
against thermal decomposition at elevated temperatures. The
thermal decomposition temperature for some of the solid
acids described 1n this specification can be as high as 350°

C.

[0097] Since solid acids need not be humidified, solid acid

based membranes can be operated at elevated temperatures,
¢.g. temperatures above 100° C.

[0098] The conductivity of solid acids can be purely
protonic, or both electronic and protonic depending on the
choice of the cation in the oxyanion. That 1s, by using a
given amount of a varniable valence element such as V, Cr,
Co, Mn or a combination of the variable valence elements,
the solid acid can be made to conduct electrons as well as
protons.

[0099] Another advantage is caused by the structure of the
solid acids themselves. Since solid acids are dense, 1nor-
ganic materials, they are impermeable to gases and other
fluids that can be present in the electrochemical environ-
ment, e.g., gases and hydrocarbon liquids.

[0100] This combination of properties: good conductivity
in dry environments, conductivity that can be controlled to
be either purely proton conducting or both electron and
proton conducting, impermeability to gases and hydrocar-
bon liquids, serviceability at elevated temperatures, e.g.
temperatures over 100° C., and relatively low cost, render
solid acids as useful materials for use as membranes in
clectrochemical devices.

[0101] Solid acids exhibit another advantageous property
for applications 1n proton conducting membranes. Under
certain conditions of temperature and pressure, the crystal
structure of a solid acid can become disordered. Concomi-
tant with this disorder is a high conductivity, as high as 10~
to 1072 Q™' cm™'. Because of the high proton conductivity
of the structurally disordered state, 1t 1s known as a super-
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protonic phase. The proton transport 1s facilitated by rapid
reorientations of oxyanions, which occur because of the
disorder.

[0102] Many solid acids enter a superprotonic state at a
temperature between about 50 and about 250° C. at ambient
pressures. The transition 1nto the superprotonic phase can be
either sharp or gradual. The superprotonic phase 1s marked
by an increase in conductivity, often by several orders of
magnitude. At temperatures above the transition tempera-
ture, the solid acid 1s superprotonic and retains its high
proton conductivity until the decomposition or melting
temperature 1s reached. The solid acids of the present
invention can also be operated at a temperature above the
superprotonic transition temperature, and below the decom-
position or melt temperature.

[0103] B. Structural Binders

[0104] In some embodiments, the present invention pro-
vides a material comprised of a solid acid composite embed-
ded 1n a preexisting structure, such as a polymer, a ceramic,
glass, a metal or a nanostructure. The solid acid composite
provides the desired electrochemical activity, whereas the
preexisting structure provides mechanical support and
increases chemical stability.

[0105] In another embodiment, the present invention fur-
ther comprises a structural binder. Structural binders usetul
in the present ivention include, but are not limited to,
carbon materials, such as graphite, graphite black, acetylene
black, carbon black, Vulcan®XC72, and Vulcan®XC72R: a
polymer; a ceramic; glass; silicon dioxide; a semiconductor;
a nanostructure; and a metal. In some embodiments, the
structural binder 1s electrically conducting. When the struc-
tural binder 1s electrically conducting, the structural binder
can be a conducting polymer, conducting ceramic, semicon-
ductor or a metal. Alternatively, when the structural binder
1S a ceramic, semiconductor or metal, it can be mixed with
a polymer. In other embodiments, the structural binder 1s
silicon dioxide. In still further embodiments, the structural
binder 1s quartz. In certain other embodiments, the structural
binder 1s fumed silica or colloidal silica.

[0106] When the structural binder is carbon, the structural
binder can be graphite, carbon black, a nanostructure, such
as carbon nanotubes, and the like. In addition, combinations
ol the different types of carbon (1.e., carbon black and carbon
nanotubes or graphite and carbon nanotubes, for example)
are uselul as a structural binder of the present invention. One
of skill in the art will appreciate that other carbon forms are
useiul 1n the present invention.

[0107] When the structural binder is silicon dioxide, the
structural binder can be quartz, fumed silica, colloidal silica,
and the like. One of skill in the art will appreciate that other
silicon dioxide structural binders are useful in the present
invention.

[0108] When the structural binder is a polymer, the struc-
tural binder can be electrically conducting or insulating.
Electrically conducting polymers include, but are not limited
to, poly(vinylpyridine), poly(pyrrole), poly(phenylenevi-
nylene), poly(thiophene), poly(acetylene) poly(aniline),
poly(phenylene) and the like. Additional polymers usetul in
the present mvention include high melt temperature ther-
moplastic or thermoset fluoropolymers (Tetlon, TFE, PFA,
FEP, Tefzel, Kalrez, and Viton), or high melt temperature
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polymers (PBI, PES, PMR-135 polyimide matrix resin, EVA,
and “nylons” such as PA-6 and PA-6,6). The structural
binder can comprise either an electrically conducting poly-
mer, an insulating polymer, or some combination of both.
One of skill in the art will appreciate that other types of
electrically conducting and insulating polymers are usetul 1n
the present invention.

[0109] When the structural binder 1s a metal, the structural
binder can be any suitable metal, metal oxide, metal salt, or
metal complex using a metal such as those described above.
The structural binder can include more than one metal
clement, and can also incorporate non-metal species 1n the
structural binder.

[0110] When the structural binder is a ceramic, the struc-
tural binder can be any ceramic stable under fuel cell
conditions such as, zirconia (ZrQ,), alumina (Al,O,), tita-
nium dioxide (110,), or ceria (CeQO,). The structural binder
can include more than one ceramic material, as well as
non-ceramic species. One of skill 1in the art will appreciate
that other ceramics are useful 1n the present invention.

[0111] When the structural binder is a semiconductor, the
structural binder can be any semiconductor stable under fuel
cell conditions such as, but not limited to, silicon (S1),
silicon carbide (S1C), germanium (Ge), carbon (C, 1 dia-
mond form), zinc-selenide (ZnSe), gallium-arsenide
(GaAs), gallium-nitride (GaN), and indium-phosphide (InP)
and the like. The structural binder can include more than one
semiconductor material, as well as non-semiconductor spe-
cies. One of skill in the art will appreciate that other
semiconductors are useful in the present invention.

[0112] In some embodiments, the present invention pro-
vides a proton conducting membrane further comprising a
separate conducting material. Separate conducting materials
uselul 1n the present invention include, but are not limited to,
carbon materials, polymers, ceramics and metals, as
described above. In certain other embodiments, the separate
conducting material 1s 1onically conducting. Separate con-
ducting materials useful 1n the current mvention include
ionically conductive materials such as, scandium doped
ceria (SDC, oxygen 1on conductor), yttrium stabilized zir-
conium (Y SZ, oxygen 1on conductor), and perovskites (e.g.,
BaZr,_,Y (0O, and BaCeO,, proton and oxygen 10n conduc-
tors, respectively). More than one separate conducting mate-
rial can be used in the structural binders of the present
invention. One of skill i the art will appreciate that other
conducting materials are also useful 1n the present invention.

[0113] In still other embodiments, the present invention
provides a proton conducting membrane comprising a solid
acid composite that includes at least one variable valence
clement.

[0114] In a further embodiment, the present invention
provides a proton conducting membrane being thermally
stable at temperatures above about 100° C. In other embodi-
ments, the proton conducting membrane has a proton con-
ductivity of about 107> Q~' cm™' or higher at the tempera-
ture of use. In another embodiment, the proton conducting
membrane can conduct both protons and electrons. In still
another embodiment, the present invention provides a pro-
ton conducting membrane comprising additional types of
solid acids.

[0115] Accordingly, in some embodiments the present
invention provides a composite material comprising a solid
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acid composite embedded 1n a supporting matrix and oper-
ated at a slightly elevated temperature. In such a composite,
the solid acid composite 1s 1n 1ts superprotonic phase,
exhibits high conductivity, and provides the desired electro-
chemical functions; the support matrix can provide mechani-
cal support, and 1t can also serve to protect the solid acid
from water in the environment. A high temperature of
operation can render the solid acid composite 1nto 1ts super-
protonic state. A high temperature ol operation can also
ensure that any water present 1n the electrochemical device
will be present 1n the form of steam rather than liquid water,
making the H,O less likely to attack the solid acid.

[0116] C. Applications of Proton Conducting Membranes

[0117] The compounds and proton conducting membranes
of the present invention are usetul in hydrogen/air tuel cells,
hydrogen/oxygen fuel cells direct alcohol fuel cells, hydro-
gen separation membranes, membrane reactors, superca-
pacators, electrochromic displays, hydrogen sensors and
other membrane based electrochemical devices. For
example, the present invention provides a fuel cell system
comprising a proton membrane. The proton membrane
includes a solid acid component, a secondary component
and hydrogen bonding network imterfaces formed by the
solid acid and the secondary component. The fuel system
provides electrical power to an external device. The present
invention also provides a use of the solid acid composite
proton conducting membrane for hydrogen separation and in
a device selected from the group consisting of a fuel cell, a
membrane reactor and a sensor. Other usetul applications of
the compounds and proton conducting membranes of the
present invention will be apparent to one of skill in the art.

0118] 1. Hydrogen/Air Fuel Cells

0119] A hydrogen/air fuel cell 1s one in which the proton
conducting membrane 1s a solid acid composite/matrix coms-
posite of the type described herein. Because the membrane
need not be humidified, the fuel cell system can be simpler
than one which uses a hydrated polymer membrane. The
humidification system normally required for fuel cell utiliz-
ing a Nafion or related polymer membrane can be elimi-
nated. Hence, less rigid temperature monitoring and control
can be used 1n the solid acid based system as compared with
Nafion based fuel cell systems. These differences allow a
more eflicient cell system.

[0120] In certain embodiments, the proton conducting
membranes of the present invention have a partial pressure
of water of less than 1 atm. In other embodiments, the proton
conducting membranes of the present invention have water
on the surface of the membrane, but not 1n the interior of the
membrane.

[0121] Because the membrane need not be humidified, the
hydrogen/air fuel cell can be operated at temperatures above
100° C. The tolerance of the Pt/Ru catalysts to carbon
monoxide CO poisoning increases with increasing tempera-
ture. Thus, a fuel cell of the 1nstant invention, operated at a
temperature above 100° C. can withstand higher concentra-
tions of CO 1n the hydrogen fuel than a Nafion based fuel

cell which 1s typically operated at a temperature lower than
100° C.

10122] The high temperature of operation also enhances
the kinetics of the electrochemical reactions, and can thereby
result 1n a fuel cell with higher overall efliciency.
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0123] 2. Direct Alcohol Fuel Cells

0124] A direct alcohol fuel cell i1s constructed using a
proton conducting membrane comprising a solid acid com-
posite/matrix support of the type described herein. Usetul
alcohols 1nclude methanol, ethanol, isopropanol, and the
like. Because the membrane needs not to be humidified, the
fuel cell system 1s much simpler and thus less costly than
state of the art direct alcohol fuel cell systems. The humidi-
fication system normally required for fuel cell utilizing a
Nafion or related polymer membrane 1s eliminated. Further-
more, temperature monitoring and control 1n the solid acid
based system does not need to be as tight as 1n Nafion based
fuel cell systems. Because the solid acid composite based
membrane needs not to be humidified, the fuel cell can be
operated at elevated temperatures. High temperatures can
enhance the kinetics of the electrochemical reactions. This
results 1 a fuel cell with very high efliciency.

[0125] Another significant advantage of the fuel cell of the
instant invention results from the decreased permeability of
the membrane to alcohol. Direct alcohol fuel cells, in which
Nafion or another hydrated polymer serves as the mem-
brane, alcohol crossover through the polymeric membrane
lowers tuel cell efliciencies. The impermeability of a solid
acid composite membrane can improve this etliciency.

0126] 3. Hydrogen Separation Membranes

0127] The present invention provides a use of the solid
acid composite proton conducting membrane for hydrogen
separation. The metal catalyst, such as Ru/Pt catalyst 1 a
hydrogen/air fuel cell 1s sensitive to CO poisoning, particu-
larly at temperatures close to ambient. Therefore, 1n an
indirect hydrogen/air fuel cell, the hydrogen produced by the
reformer 1s often cleaned, of e.g. CO to below 50 ppm,
betore 1t enters the fuel cell for electrochemical reaction.

[0128] The hydrogen separation membrane contemplated
by the instant invention can be made of a mixed proton and
clectron conducting membrane, as described herein. Hydro-
gen gas, mixed with other undesirable gases, 1s itroduced
onto one side of the membrane. Clean hydrogen gas 1is
extracted from the other side of the membrane.

[0129] On the inlet side of the membrane, hydrogen gas is
dissociated into H™ and e€~. When the membrane 1s both
proton conducting and electron conducting, both of these
species can migrate through the membrane. However, the
membrane 1s substantially impermeable to other gases and
fluids. Hence, CO and other undesirable gases or fluds
cannot so migrate. On the outlet side of the membrane, the
H* and e  recombine to form hydrogen gas. The overall
process 1s driven by the hydrogen chemical potential gradi-
ent, which 1s high on the inlet side of the membrane and low
on the outlet side of the membrane.

[0130] Another type of hydrogen separation membrane
uses a membrane made of a proton conducting composite of
the type described herein, and 1s connected to a current
source. Hydrogen gas, mixed with other undesirable gases,
1s introduced onto one side of the membrane and clean
hydrogen gas 1s extracted from the other side of the mem-
brane. Application of a current causes the hydrogen gas to
dissociate into H™ and e~. As the membrane conducts only
protons, these protons are the only species which can
migrate through the membrane. The electrons migrate
through the current source to the outlet side of the mem-



US 2007/0128491 Al

brane, where the H™ and ™ recombine to form hydrogen gas.
The membrane 1s substantially impervious to other gases
and flmds. Hence, CO and other undesirable gases or fluids
cannot migrate through the proton conducting membrane.
The overall process 1s driven by electric current applied via
the current source.

0131] 4. Membrane Reactors

0132] Additional devices incorporating the proton con-
ducting membranes of the present invention include mem-
brane reactors, 1n which a mixed proton and electron con-
ducting membrane of the type described herein 1s utilized.
The general reaction i1s that reactants A+B react to form
products C+D, where D 1s hydrogen gas. Use of a mixed
proton and electron conducting membrane 1n this reactor can
enhance the reaction to give vields that exceed thermody-
namic equilibrium values. On the mlet side of the membrane
reactor, the reactants form products C+H,. Under equilib-
rium conditions, the hydrogen concentration builds up and
the forward reaction 1s slowed. With the use of the mixed
hydrogen and electron conducting membrane, the hydrogen
1s immediately extracted from the reaction region via trans-
port through the membrane, and the forward reaction 1s
enhanced. Examples of reactions 1in which the yield can be
enhanced by using such a membrane reactor include (1) the
stcam reformation of methane (natural gas) to produce
syngas: CH,+H,O—=CO+3H,; (2) the steam reformation of
CO to produce CO, and H,: CO+H,O—=CO,+H,; (3) the
decomposition of H,S to H, and S, (4) the decomposition of
NH, to H, and N,; (5) the dehydrogenation of propane to
polypropylene; and (6) the dehydrogenation of alkanes and
aromatic compounds to various products.

[0133] A second type of membrane reaction is one utiliz-
ing a mixed proton and electron conducting membrane of
the type described herein. In this case, the general reaction
1s that the reactants A+B form the products C+D, where B
1s hydrogen. The hydrogen enters the reaction region via
transport through the mixed conducting membrane, whereas
the reactant A 1s introduced at the inlet to the membrane
reactor, and 1s mixed with other species. The manner in
which the hydrogen i1s mtroduced into the reactant stream
(through the membrane) ensures that only the reactant A,
and none of the other species reacts with hydrogen. This
ellect 1s termed selective hydrogenation.

[0134] A third type of membrane reaction is one utilizing
only a proton conducting membrane of the type described
herein. In this case, the general reaction 1s that the reactants
A+B form the product C, where B 1s hydrogen. The hydro-
gen enters from the “anode” side of the membrane reactor
and 1s conducted to the reaction region via transport through
the proton conducting membrane, whereas the reactant A 1s
introduced on the “cathode” side of the membrane reactor,
and 1s “hydrogenated” at the cathode surface to form the
reactant, C. The reactant A may be mixed with other species.
The manner in which the hydrogen is introduced into the
reactant stream (through the membrane) ensures that only
the reactant A, and none of the other species, reacts with
hydrogen. This eflect 1s termed selective hydrogenation. For
example, ethylene can be hydrogenated to ethane by such a
process using such a membrane: C.H,—C,H..

[0135] The mixed proton and electron conducting mem-
branes described herein provide an advantage over state-oi-
the-art membranes 1n that the conductivity 1s high at tem-
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peratures as low as 100° C., and the membranes are
relatively inexpensive. Selective hydrogenation at tempera-
tures close to ambient can have particular application in
synthesis of pharmaceutically important compounds which
cannot withstand high temperatures.

0136] D. Preparation of Proton Conducting Membranes

0137] The present invention provides a method for pre-
paring a proton conducting membrane. The method includes
contacting a solid acid component with a secondary com-
ponent having a plurality of surface hydrogen to generate a
composite. The method further includes contacting with a
structural binder. In some embodiments, the solid acid
component and secondary component exist as particles
having various shapes, sizes and dimensions. In one embodi-
ment, the formation of the solid acid composite can be
realized by mechanically mixing of the solid acid and the
secondary compound 1n the presence or absence of a struc-
tural binder. Alternatively, the composite can be formed
through co-precipitation.

[0138] The proton conducting membranes of the present
invention can be prepared by a variety of means. One
method involves mechanically pressing an evenly dispersed
layer of solid acid composite mto a highly dense layer
supported on the anode and/or cathode layers.

10139] The solid acid composite layer can be compressed
at temperatures ranging ifrom ambient to above the melt
temperature of the solid acid. Another method involves
mixing the solid acid and the secondary compound with a
supporting structure that 1s electrochemically unreactive, to
form a composite. A first embodiment uses a solid acid/
secondary compound mixed with a melt-processable poly-
mer as the supporting matrix structure. Composite mem-
branes of the solid acid/secondary compound and
poly(vinylidene fluoride) can be prepared by simple melt-
processing methods. The three components can be lightly
ground together then hot-pressed at 180° C. and 10 kpsi for
15 minutes. One of skill in the art will appreciate that
additional melt-processable polymers are useful in the
present invention, such as those described herein as polymer
binders.

[0140] Additional methods include mixing a thermoset
polymer 1n monomer or prepolymer form in with the solid
acid/secondary compound composite, and then starting the
polymerization 1n situ. For example, composite membranes
of the solid acid compound and the polyester resin marketed
under the name Castoglas by Buehler, Inc. can be synthe-
sized by lightly grinding the solid acid and pre-polymer
together and then adding the crosslinking agent to start the
polymerization. Composite membrane of solid acid com-
posite and poly(trimesic acid) can be prepared by grinding
and then heating the mixture to 250° C. to start the poly-
merization.

[0141] Various thermoset polymers can be used. For
example, poly(dicyclopentadiene) or poly DCPD. In such
cases, the solid acid/secondary compound composite 1is
ground and then mixed with the monomer dicyclopentadi-
ene. The polymerization catalyst 1s introduced into the
mixture, which 1s then poured onto a Tetlon plate and
pressed 1mnto a thin film. The film 1s cured at 100° C. for
approximately 2 hours. One of skill in the art will appreciate
that additional thermoset polymers are useful 1n the present
invention.
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[0142] Another method for preparing solid acid-polymer
composites or solid acid-secondary compound-polymer
composites 1s suspension coating. For this, the solid acid/
secondary component composite 1s dissolved in a water-
cthanol solution, and the polymer PTFE 1s dispersed into this
solution. A composite membrane 1s formed by casting the
suspension, allowing the solvents to evaporate, and then
mechanically pressing at either ambient or elevated tem-
peratures.

[0143] When the structural binder is non-polymeric (such
as ceramic, glass, or carbon), the solid acid or solid acid-
secondary compound composite can be synthesized from
aqueous solution and the matrix material 1s synthesized
separately. The two components are then mixed and ground
together. The mixture i1s then pressed at either ambient or
clevated temperatures, preferably at an elevated temperature

which causes the solid acid and/or polymer to melt and tlow,
to yield a dense composite membrane.

[0144] Electrically conductive composite membranes are
prepared by combining at least one solid acid or solid
acid-secondary compound composite and an electrically
conductive structural binder. The electrically conductive
structural binder can be an electronically conducting poly-
mer, such as poly(aniline) or poly(imidazole), or a typical
metal, such as aluminum or copper, as well as a conductive
carbon maternial. Where the electronically conducting com-
ponent 1s a metal, 1t can be advantageous to introduce a
chemically and electrically inert polymer into the composite
simply to serve as a binder and provide the membrane with
good mechamical properties. The processing methods
described above can be used to prepare such composite
membranes.

10145] Electrically conductive composites can also be
prepared by performing direct chemical substitutions with
variable valence 1ons. Substitution 1n the oxyanion or metal
cation component with a variable valence element can
provide the desired electronic conductivity. Large ions with
variable valence, such as thallium, indium, lead and tin can
be used for these substitutions. The solid acid or solid
acid-secondary compound composite so modified can be
used 1n an electrochemical device directly, or can be com-
bined with a supporting matrix material as described above.

[0146] One of skill in the art will appreciate that other
methods exist for preparing the membranes of the present
invention.

EXAMPLES

Example 1

Preparation of CsH,PO,:L.aPO,*nH,PO, Solid Acid
Composite

10147] Solid acid CsH,PO, was prepared according to a
reported method (Boysen, D. A., et al. Science, 2004, 303,
68-70). LaPO, was purchased from Alpha Aesar Company.
Solid acid composite CsH,PO,:LaPO, *nH,PO, was pre-
pared by mechanically mixing a 50:50 mixture by mole
traction of CsH,PO, and LaPO_*nH,PO,, using a mortar and
a pestle at about 23° C. under an ambient pressure. The
composite material was used without further purification.
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Example 2

Comparison of Conductivity of Pure Solid Acid
and Composite

[0148] FIG. 1 shows a comparison of the conductivity of
pure CsH,PO, versus a CsH,PO,/LaPO,*H,O(H;PO,),
composite material. The composite has higher or equal
conductivity to that of pure CsH,PO, at all measured tem-
peratures. Measurements were taken upon heating and cool-
ing at 1° C./min, under flowing air atmospheres with a water
partial pressure ~0.4 atm.

Example 3

Stability of Solid Acid Composite

10149] FIGS. 2 and 3 illustrate the stability of solid acid
composite and the rehydrating of the solid acid composite.
The conductivity of the solid acid composite CsH PO,/
LaPO,*H,0(H;P0,), can be measured up to 400° C.,
whereas a sample of pure solid acid CsH,PO, would melt at
~330° C., resulting 1n a short circuit in the experimental
setup used. All measurements were taken with heating/
cooling rates of 1° C./min, under tlowing air atmospheres
with a water partial pressure ~0.4 atm. The solid acid
composite CsH,PO,/LaPO,*H,O(H,PO,), also has the
ability to rehydrate at 156° C. after having been dehydrated
at 400° C. for 6 hrs, a property not seen 1n CsH,PO,.

Example 4

Solid Acid-Silicon Carbide Composite

[0150] Solid acid CsH,PO, 1s prepared as described
above. S1C 1s purchased from ElectroAbrasives Company. A
solid acid composite membrane ot CsH,PO,-silicon carbide
1s prepared by mechanical mixing a 9:1 volume ratio of
CsH PO, and S1C 1n methanol using a mortar and a pestle at
about 23° C. under ambient pressure followed by mechani-
cal or thermal densification. The hydrogen bond donor
and/or acceptor molecules are absorbed on the surface of the
S1C to provide a surface with active hydrogen bond donors
and/or acceptors. The S1C surface containing H,O, NH; or
alcohol has been prepared (FIGS. 4a and 45). At the inter-
face between the solid acid and silicon carbide, hydrogen
bonds are formed between the oxygen and hydrogens of the
phosphate groups 1n the CsH,PO, and the absorbed species
on the silicon carbide. These hydrogen bonds then form a
disordered hydrogen bonded network at the interface leading
to 1ncreased resistance to mechanical creep for the solid acid
component. At the same time, the disordered hydrogen
bonded network of the interface results 1n high conductivity
for the membrane.

Example 5

Solid Acid-Trimesic Acid Composite

[0151] Solid acid CsH,PO, 1s prepared as described
above. Trimesic acid 1s purchased from Aldrich Chemical
Company. A composite membrane of CsH,PO,, and trimesic
acid of the formula: C.H,(COOH), 1s prepared by grinding
a 95:5 volume ratio of CsH,PO, and trimesic acid together
using a mortar and a pestle and oven, at about 23° C. under
an ambient pressure and then mechanically compressing the
mixture mto the desired membrane shape. The trimesic acid
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are then cross-linked to 1tself by heating at 250° C., to form
a polymer support structure in the composite membrane. The
hydrogens on the carboxylic groups can then interact with
the non-bonded oxygens of CsH,PO,, while the hydrogens
of CsH,PO, can form bonds with the double bonded oxy-
gens of the carboxylic groups. Both cases result in hydrogen
bonds of medium strength being formed between the solid
acid and polymer particles. These bonds are formed at
random, greatly enhancing the protonic conductivity at the
solid acid/polymer interface. At the same time, the medium
strength bonds mechanically strengthen the interaction
between solid acid and polymer, thus transferring the
mechanical properties of the polymer to the solid acid.

Example 6

Solid Acid-Nafion Composite

[0152] Solid acid CsH,PO, 1s prepared as described
above. Nafion® i1s purchased from Aldrich Chemical Com-
pany. A solid acid composite of CsH,PO, and Nafion 1s
prepared by co-precipitation from an aqueous solution at 60°
C. A thin film composite usetul as a fuel cell membrane 1s
prepared by casting a thin layer of the material 1n an aqueous
solution over a flat oven glass dish surface. The film 1s then
tormed by co-precipition of Nafion and CsH,PO, as water 1s
evolved at 60° C. 1n an oven. The CsH,PQO, 1s precipitated
in the hydrophilic channels of the Nafion polymer matrix
(FIG. 5). The 1nteraction of the acidic SO,H, sulfite groups
with the phosphate groups of CsH,PO, results 1 a disor-
dered hydrogen bonded network that simultaneously bonds
the CsH,PO, to the polymer matrix and also leads to high
protonic conductivity at the interface.

Example 7

Solid Acid-Polybenzimidazole Composite

[0153] Solid acid CsH,PO, 1s prepared as described
above. Polybenzimidazole 1s synthesized by polymerization
of 3,3'-diaminobenzidine and diphenyl 1sophthalate accord-
ing to reported procedures. A solid acid composite mem-
brane of CsH,PO,, and polybenzimidazole (PBI) is prepared
by either precipitation of CsH,PO, from aqueous solution
into the pores of a PBI membrane, followed by mild
mechanical compression, or by simply melting the CsH, PO,
into the porous PBI membrane at temperatures above 330°
C. and pH,0O=1 atm. The volume ratio of CsH,PO, and PBI
1s 85:13. The processes are carried out at temperatures from
about 23° C. to about 300° C. under ambient pressure. Thin
film composite 1s prepared over a flat oven glass dish
surface. In the composite membrane, the hydrogen and
nitrogen of the imidazole group can form hydrogen bonds
with the phosphate groups of CsH,PO,. This leads to a
dynamically disordered hydrogen bonded network at the
interface that both bonds the CsH,PO, to the polymer
backbone and also leads to a high degree of protonic
conductivity. In fact, this 1s almost the same mechanism as
1s believed to allow a fairly solid composite to be made from
a membrane nearly 80% phosphoric acid (liquid) and 20%
PBI (solid) by volume, with excellent protonic conductivity.
Similarly, a composite solid acid/PBI composite membrane
has high conductivity at operational temperatures with rela-
tively high loadings of polymer (>10% by volume) that give
the membrane greatly increased structural integrity.
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Example 8

Solid Acid-Polyimide Composite

[0154] Solid acid CsH,PO, 1is prepared as described
above. Polyimide, Kapton® 1s purchased from Dupont
Chemical Company. A solid acid composite membrane of
CsH PO, and polyimide 1s prepared by first creating a
polyimide film from polyamic acid 1n a solvent (Munakata,
ct al. Chem. Commun., 2005, 3986-3988). The solid acid,
CsH,PO,, 1s then deposited in the polymer by precipitation
from aqueous solution at 60° C. The CsH,PO, 1s then taken
above its melt temperature at 330° C., under at water partial
pressure of 0.7 atm, and the composite film 1s densified by
mild compression at 350 psi. FIG. 6 shows a scanming
clectron micrographs of the polyimide membrane matrix.
CsH PO, 1s melted mto the pores once filled by the silica
spheres in FIG. 6. The volume ratio of CsH,PO, and
polyimide 1s 80:20. The processes are carried out at tem-
peratures from about 23° C. to about 300° C. under an
ambient pressure. Thin film composite 1s prepared over a tlat
oven glass dish surface.

Example 9

Solid Acid-Fullerene Composite

[0155] Solid acid CsH,PO, 1s prepared as described
above. Muti-walled Fullerene, nanotubes, 20-50 nm OD,
5-20 micron long are purchased from Alfa Aesar Company.
The nanotubes are functionalized with carboxylic acid group
according to a reported method (Smalley, R. E. et al. Carbor
Nanotubes: Synthesis, Structure, Properties and Applica-
tions, Springer; 1st Ed, 2001; Ajayan, Z. P. et al. “Making
Functional Materials with Nanotubes”Material Res. Soc.
Sym. Proc. 2002, V. 706). A solid acid composite membrane
of CsH,PO, -nanotube 1s prepared by mechanical mixing a
9:1 volume ratio of CsH,PO, and the nanotubes using a
mortar and a pestle at about 23° C. under ambient pressure
followed by mechanical and/or thermal densification into
desired membrane shapes. The composite material can be
used without further purification.

[0156] It 1s understood that the examples and embodi-
ments described herein are for illustrative purposes only and
that various modifications or changes 1n light thereof will be
suggested to persons skilled in the art and are to be included
within the spirit and purview of this application and scope of
the appended claims. All publications, patents, and patent
applications cited herein are hereby incorporated by refer-
ence 1n their entirety for all purposes.

What 1s claimed 1s:
1. A proton conducting membrane, said membrane com-
prising:

a solid acid component, wherein said solid acid compo-
nent 1s capable of conducting protons 1n a solid state
through a superprotonic mechanism;

a secondary component having a plurality of surface
hydrogen; and

a plurality of interfaces formed by said solid acid com-
ponent and said secondary component, wherein said
solid acid component and said secondary component
interact to form a composite.
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2. The proton conducting membrane of claim 1, wherein
said plurality of interfaces 1s formed by hydrogen bonding
interactions between said solid acid component and said
secondary component.

3. The proton conducting membrane of claim 1, wherein
said solid acid component comprises a plurality of solid acid
particles.

4. The proton conducting membrane of claim 1, wherein
said secondary component comprises a plurality of second-
ary component particles.

5. The proton conducting membrane of claim 1, wherein
the secondary component 1s selected from the group con-
sisting of an 1norganic compound, a polymer, a nanostruc-
ture and ceramics.

6. The proton conducting membrane of claim 1, wherein
said solid acid component comprises a plurality of solid acid
particles and said secondary component comprises a plural-
ity of secondary component particles having a plurality of
surface of hydrogen.

7. The proton conducting membrane of claim 1, further

comprising a structural binder selected from the group
consisting of a polymer, ceramic, glass, a metal, a nano-

structure and a mixture thereot.

8. The proton conducting membrane of claim 1, wherein
said solid acid component comprises a compound having the

formula M_H, (XO,)_,
wherein
M 1s a cation having a charge from +1 to +4;

X 1s selected from the group consisting of S, Se, P, As, Si,
Ge, V, Cr and Mn; and a, b, t and ¢ are each indepen-
dently a non-negative real number from 1 to 4.

9. The proton conducting membrane of claim 1, wherein
said solid acid component i1s an eulytite solid acid.

10. The proton conducting membrane of claim 1, wherein
said secondary component comprises a compound having

the formula M'y(X'O, ). *nH,O0(HX"0,),, wherein

M' 1s a cation having a charge from +1 to +4;

X'"and X are each independently selected from the group
consisting of S, Se, P, As, S1, Ge;

n and g are each independently a non-negative real
number; and

d, e, 1, y and z are each independently a non-negative real
number from 1 to 4.

11. The proton conducting membrane of claim 8, wherein
said secondary component comprises a compound having
the formula M'y(X'O, ). *nH,O(HX"O,)..

12. The proton conducting membrane of claim 11,
wherein said solid acid component comprises a compound
having the formula CsH,PO, and said secondary component
comprises a compound  having the  formula
LaPO,*nH,O(H,;PO,),.

13. The proton conducting membrane of claim 8, wherein
said secondary component 1s selected from the group con-
sisting ol a polymer, a metal and a ceramic.

14. The proton conducting membrane of claim 13,
wherein said solid acid 1s CsH,PO, and said secondary
component 1s a polymer selected from the group consisting
of poly(trimesic acid)s, polybenzimidazoles, polyimida-
zoles, poly(monododecylphosphate), polyimides,
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polyamines, polyamides, phosphated tetrafluoroethylene
copolymers and sulfonated tetratluoroethylene copolymers

(Nafion®).

15. The proton conducting membrane of claim 1, has a
conductivity from about 107 Q™' cm™" to about 0.2 Q~*
cm™' in the temperature range from about 130° C. to about

330° C.

16. The proton conducting membrane of claim 11,
wherein X, X' and X" represent the same element.

17. The proton conducting membrane of claim 11,
wherein M 1s a different cation from M'.

18. The proton conducting membrane of claim 1, further
comprising a separate electrically conducting matenial.

19. The proton conducting membrane of claim 18,
wherein the conducting material 1s selected from the group
consisting ol a conducting polymer, a metal and a carbon
material.

20. The proton conducting membrane of claim 1, wherein
said membrane has a proton conductivity of about 107> Q™"
cm™" or higher at the temperature of utilization.

21. A tuel cell system comprising a proton conducting
membrane 1n accordance with claim 1, wherein the fuel cell
system provides electrical power to an external device.

22. A proton conducting membrane, said membrane com-
prising:

a plurality of solid acid particles, wherein said plurality of
solid acid particles 1s capable of conducting protons in
a solid state through a superprotonic mechanism;

a plurality of secondary component particles having a
plurality of surface hydrogen; and

a plurality of interfaces formed by said solid acid com-
ponent particles and said secondary component par-
ticles, wherein said solid acid component and said
secondary component interact to form a composite.

23. The proton conducting membrane of claim 22,
wherein each particle of said plurality of secondary particles
has a dimension from about 5 nm to about 50 um.

24. A method for preparing a proton conducting mem-
brane, said method comprising;:

contacting a solid acid component with a secondary
component having a plurality of surface hydrogen
under conditions suflicient to generate a composite,
wherein said solid acid component interacts with said
secondary component to form a plurality of interfaces.

25. The method of claim 24, further comprising contact-
ing a structural binder.

26. The method of claim 24, wherein said plurality of
interfaces 1s formed by hydrogen bonding interactions
between said solid acid component and said secondary
component.

277. The method of 24, wherein said solid acid component
1s a compound of the formula M_H,_(XO,)_; and said sec-
ondary component 1s a compound of the {formula

M d(X'O},)E*nHz()(HfX"OZ)g,
wherein

M and M' are each independently a cation having a charge
from +1 to +4;
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X, X' and X" are each independently selected from the
group consisting of S, Se, P, As, S1 and Ge;

a, b, t, ¢, d, v, e, I and z are each independently a
non-negative real number from 1 to 4; and

n and g are each independently a non-negative real

number.
28. The method of claim 24, wherein said solid acid

component 1s a compound of the formula M_H, (XO,)_; and
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said secondary component 1s selected from the group con-
sisting of a polymer, a metal, ceramic, a carbon material and

a nanostructure.
29. A method of rehydrating a solid acid composite, said

method comprising: contacting the solid acid composite of
claim 1 with a water molecule under conditions suthcient for

rehydrating.
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