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(57) ABSTRACT

Mixed 1onically and electronically conductive membranes
may be employed in electrochemical systems that are
capable of producing water from air or molecular oxygen
with high energy efliciency. The systems may comprise at
least one electrochemical cell comprising: a first electrode
and a second electrode, optionally 1n electrical communica-
tion via an external circuit; a mixed 1onically and electroni-
cally conductive membrane interposed between and in con-
tact with the first electrode and the second electrode; a
hydrogen-containing gas supply in fluild communication
with one of the first electrode and the second electrode; a
molecular oxygen-containing gas supply 1n fluid communi-
cation with the other of the first electrode and the second
clectrode; and a first gas outlet extending from the first
clectrode and a second gas outlet extending from the second
clectrode.
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ELECTROCHEMICAL PRODUCTION OF
WATER USING MIXED IONICALLY AND
ELECTRONICALLY CONDUCTIVE
MEMBRANES

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims the benefit of pri-
ority under 35 U.S.C. § 119 from U.S. Provisional Patent
Application 62/522,414, filed on Jun. 20, 2017 and incor-

porated herein by reference 1n 1ts entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] Not applicable.
BACKGROUND
[0003] Access to clean water 1s an ongoing 1ssue 1n

various geographic locations and certain working environ-
ments, such as upon a ship. When a source of clean water 1s
not readily available, water production processes may be
used to purily water from an existing water source or to
produce the water de novo. Processes for water purification
and/or de novo generation of water remain rather expensive
at present, primarily due to their requirement for a high input
of energy. Desalination plants, for example, may produce
fresh water from seawater using a variety of processes, but
costs associated with desalination remain high due to the
significant energy input required. Other water production
processes may face similar economic and/or energy efli-
ciency challenges. Routine, low-cost access to clean water
using more ellicient production processes could have sig-
nificant benelits, such as improved health and well being in
underdeveloped countries where clean drinking water 1s not
always readily available. Economic benefits may also be
realized 1n processes and working environments where clean
water 1s not otherwise readily available.

[0004] A number of chemical reactions form water, often-
times as a secondary product when producing a more highly
valued material. The water formed during solution-phase
and gas-phase chemical reactions sometimes may be con-
taminated with small amounts of various chemical byprod-
ucts, so 1t may not be suitable for direct use without
additional purification. In addition, 1solation of the water
may be problematic 1n some instances. FElectrochemical
reactions, to the contrary, may have the capability to form
higher purity water that may be readily 1solated. Fuel cells,
for example, form water as a byproduct of generating
clectricity via an electrochemical reaction between molecu-
lar oxygen and molecular hydrogen or other suitable fuel.
Since the purpose of fuel cells 1s to produce electricity, not
form water, the reaction efliciency for forming water is
generally rather poor. Other electrochemical processes simi-
larly are not presently optimized for producing and 1solating
clean water as a primary product.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] The following figures are included to illustrate
certain aspects of the present disclosure, and should not be
viewed as exclusive embodiments. The subject matter dis-
closed 1s capable of considerable modifications, alterations,
combinations, and equivalents 1n form and function, without
departing from the scope of this disclosure.
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[0006] FIGS. 1A and 1B show 1llustrative cross-sectional
diagrams of traditional fuel cells and their manner of opera-
tion.

[0007] FIGS. 2A and 2B show 1llustrative cross-sectional
diagrams of electrochemical cells featuring a mixed 1oni-
cally and electronically conductive membrane and their
manner of operation.

[0008] FIG. 3 shows a diagram of an 1illustrative electro-
chemical cell formed 1n a tubular configuration.

[0009] FIG. 4 shows a diagram of an illustrative electro-
chemical water generation system configured to extract
waste heat and to return at least a portion of the waste heat
to the mixed 1onically and electronically conductive mem-
brane.

DETAILED DESCRIPTION

[0010] The present disclosure generally describes systems
for generating water and, more specifically, electrochemical
systems and methods for generating water at high-energy
elliciencies.

[0011] As discussed above, production of water in an
energy- and cost-eflicient manner can oftentimes be prob-
lematic. Although electrochemical production of water may
be advantageous over other water generation techniques,
present electrochemical methods still fail to provide suili-
ciently high operating etfliciencies.

[0012] The present disclosure describes how a traditional
tuel cell can be modified to increase the chemical and energy
elliciency with which water 1s produced. FIGS. 1A and 1B
show 1llustrative cross-sectional diagrams of traditional fuel
cells and their manner of operation. Each traditional fuel cell
features an 10on-conductive membrane separating a cathode
and an anode. The 1on-conductive membrane may be an
oxygen 1on-conductive membrane or a proton-conductive
membrane. During operation, the 1on-conductive membrane
1s held at an elevated temperature to maintain 1onic mobaility
at or above a desired threshold value. Depending on which
type of 1on-conductive membrane 1s present, the operational
principles of the fuel cell change slightly, as explained
turther in reference to FIGS. 1A and 1B.

[0013] As shown in FIG. 1A, fuel cell 100 comprises

cathode 102 and anode 104, which are separated by 1onically
conductive membrane 106 interposed in between. In fuel
cell 100, 1onically conductive membrane 106 1s an oxygen
ion-conductive membrane. A molecular oxygen-containing
gas or air 1s supplied to cathode 102, whereupon oxide 1ons
are formed via reduction of molecular oxygen. The oxide
ions migrate through 1onically conductive membrane 106
(oxygen 10on-conductive membrane) toward anode 104. At
anode 104, the oxide 10ns react with molecular hydrogen or
a hydrogen-containing gas to oxidize the molecular hydro-
gen or hydrogen-containing gas to form water and poten-
tially other gaseous products. Water 1s the sole product
formed when molecular hydrogen 1s supplied to anode 104.
If a hydrocarbon 1s instead supplied to anode 104, carbon
dioxide 1s produced concurrently with the water. Electrons
released from the oxidation reaction travel through external
circuit 108, which establishes electrical communication
between cathode 102 and anode 104.

[0014] Fuel cell 101, shown 1n FIG. 1B, differs from fuel
cell 100 1n that 1onically conductive membrane 106 i1s a
proton-conductive membrane in fuel cell 101. In fuel cell
101, molecular hydrogen or a hydrogen-containing gas 1s
again supplied to anode 104. Oxidation of the molecular
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hydrogen or hydrogen-containing gas takes place in anode
104 to generate protons. In the case of a hydrocarbon being
supplied to anode 104, carbon dioxide i1s also produced
concurrently with the protons. The protons generated at
anode 104 migrate through 1onically conductive membrane
106 (proton-conductive membrane) toward cathode 102,
whereupon they react with molecular oxygen to form water.
Electrons released from the oxidation reaction 1n anode 104
again travel through external circuit 108.

[0015] As such, fuel cells 100 and 101 provide electrical
power 1n the form of a current through external circuit 108.
Although water may be formed as a byproduct in either fuel
cell configuration, the primary purpose of fuel cells 100 and
101 1s to generate electrical power, not form water. The
system components, including ionically conductive mem-
brane 106, are optimized for electricity production rather
than water production. As a result, the water production may
be rather inetlicient with respect to the amounts of molecular
oxygen and molecular hydrogen that are supplied.

[0016] The free electrons generated during an oxidation-
reduction cycle 1n traditional fuel cells travel through exter-
nal circuit 108. Since all of the free electrons are devoted to
current production 1n external circuit 108 of traditional fuel
cells, the electron transier processes to form water may be
non-optimal.

[0017] In contrast to the 1onically conductive membranes
employed in traditional fuel cells, the present disclosure
employs mixed i1onically and electronically conductive
membranes within an electrochemical cell architecture that
may or may not employ an external circuit. As used herein,
the term “mixed 1onically and electronically conductive
membrane” refers to a membrane material capable of trans-
terring both 1ons and free electrons (or electron holes). All
of the free electrons produced 1n an electrochemical reaction
need not necessarily flow across a mixed 1onically and
clectronically conductive membrane in the presence of an
external circuit. Instead, a first portion of the free electrons
may travel between the anode and the cathode 1n the external
clectrical circuit, and a second portion of the free electrons
may travel across the mixed ionically and electronically
conductive membrane. Up to 100% of the free electrons may
travel across the mixed i1onically and electronically conduc-
tive membrane when an external circuit 1s present. In the
absence of an external electrical circuit, all of the free
clectrons or electron holes may travel between the anode and
the cathode across the mixed 1onically and electronically
conductive membrane.

[0018] According to more specific embodiments, a mixed
ionically and electronically conductive membrane may be
tully dense (>95% of the theoretical density and/or <5%
porosity) and not allow gaseous materials, such as molecular
oxygen, air, hydrogen gas (molecular hydrogen), or gaseous
hydrocarbons to pass through in un-ionized form. At least a
majority of the pores that are present in the mixed 1onically
and electronically conductive membrane may be closed
pores, so as to minimize the risk of gas mixing within the
membrane. As such, substantially all of the mass transport
taking place through a mixed 1onically and electronically
conductive membrane occurs in the form of 10nic transport.

[0019] FIGS. 2A and 2B show 1llustrative cross-sectional
diagrams of electrochemical cells 200 and 201, correspond-
ing to fuel cells 100 and 101 shown 1n FIGS. 1A and 1B,
except for the substitution of mixed 1onically and electroni-
cally conductive membrane therein 206. Other than mixed
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ionically and electronically conductive membrane 206 and
the optional nature of external circuit 108 1n electrochemaical
cells 200 and 201, the structural details in FIGS. 2A and 2B
are similar to those of FIGS. 1A and 1B, and common
reference characters are used to denote features having like
functionality. The electrons (or electron holes) being con-
veyed across mixed 1onically and electronically conductive
membrane 206 are also shown in FIGS. 2A and 2B. The
direction of electron flow through mixed 1onically and
clectronically conductive membrane 206 1s from anode 104
to cathode 102 in both cell configurations. Electron hole
flow 1s 1n the opposite direction (not shown). Depending
upon whether external circuit 108 1s present, all or a portion
of the electrons may flow through mixed ionically and
clectronically conductive membrane 206.

[0020] Since electrochemical cells employing a mixed
ionically and electronically conductive membrane carry
tewer electrons through the external circuit, 1t present, than
does a comparable electrochemical cell (traditional fuel cell)
employing a membrane having only 1onic conductivity, a
lower current results. Given that the purpose of traditional
tuel cells 1s for optimized electricity generation, there 1s no
particular motivation to substitute a mixed ionically and
clectronically conductive membrane for the commonly used
ionically conductive membranes, given the lower current
resulting from mixed ionically and electronically conductive
membranes 1n a similar cell architecture.

[0021] The present disclosure appreciates that while
mixed 1onically and electronically conductive membranes
may lower the electrical current attainable from an electro-
chemical cell, it an external circuit 1s even present, such
membranes may provide significant advantages from a water
generation standpoint. Namely, the electrons travelling
across the mixed ionically and electronically conductive
membrane may make water generation more eflicient by
promoting a catalytic reaction at the interface between the
mixed 1onically and electronically conductive membrane
and at least one of the cathode or the anode. That 1s, the
clectrons passing through the mixed 10onically and electroni-
cally conductive membrane may be positioned in a location
where they may more effectively promote a catalytic chemi-
cal reaction to generate water within the cathode or the
anode. As a further advantage, the materials of at least some
mixed 1onically and electronically conductive membranes
may be incorporated within the cathode or the anode to
promote better matching of thermal expansion coeflicients,
thereby disfavoring structural delamination under opera-
tional heating.

[0022] Like the iomically conductive membranes of con-
ventional fuel cells, high temperatures may facilitate 1onic
transport in the mixed 1onically and electronically conduc-
tive membranes disclosed herein. Due to the high operating
temperatures, the water produced from electrochemical cells
featuring a mixed 1onically and electronically conductive
membrane may be produced in the form of steam. Conden-
sation of the steam provides waste heat that must be
addressed 1n some manner. Advantageously, 1n the electro-
chemical cells of the present disclosure, at least a portion of
the waste heat withdrawn from the steam may be recycled to
the mixed 1onically and electronically conductive membrane
to improve the overall energy efliciency of the electrochemai-
cal reactions for forming water. Alternately, the waste heat
from the steam may be supplied to other waste heat con-
version processes and/or waste heat from other sources may
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be supplied to the mixed ionically and electronically con-
ductive membrane. When an external circuit 1s connected to
the electrochemical cells, an electrical current may be pro-
duced and used to power a load connected thereto. Alter-
nately, the electrical power may be stored in a suitable
energy storage device.

[0023] Thus, electrochemical cells featuring a mixed 10mni-
cally and electronically conductive membrane may provide
a relatively simple system for generating water, particularly
if the optional external circuit 1s not present. Moving parts
of such water generation systems may be limited to auxihiary
components, thereby providing long operational lifetimes.
Moreover, efliciencies may be realized 1n the water genera-
tion systems by recycling waste heat withdrawn from the
stcam generated during their operation. Alternately, the
waste heat can be redirected to other applications 1n need of
a source of thermal energy. Efliciencies that are much greater
than conventional methods of water production, such as

desalination, may be realized.

[0024] Accordingly, the present disclosure describes elec-
trochemical water generation systems, which differ from
conventional fuel cells by employing a mixed iomically and
clectronically conductive membrane. The electrochemical
water generation systems comprise at least one electro-
chemical cell, which comprises: a first electrode and a
second electrode, optionally 1n electrical communication via
an external circuit, a mixed 1onically and electromically
conductive membrane interposed between and in contact
with the first electrode and the second electrode, a hydrogen-
contaiming gas supply in fluid communication with one of
the first electrode and the second electrode, a molecular
oxygen-containing gas supply i fluid communication with
the other of the first electrode and the second electrode, and
a first gas outlet extending from the first electrode and a
second gas outlet extending from the second electrode. In
some embodiments, the external electrical circuit may be
omitted, in which case the flow of electrons or electron holes
occurs exclusively through the mixed 1onically and elec-
tronically conductive membrane. In other embodiments, the
external electrical circuit may be present, in which case a
portion of the electrons may or may not flow through the
external electrical circuat.

[0025] The molecular oxygen-containing gas supply may
contain or be configured to supply substantially pure
molecular oxygen (O, gas), in some embodiments. In other
embodiments, the molecular oxygen-containing gas supply
may contain or be configured to supply air, which comprises
approximately 21% molecular oxygen in combination with
approximately 78% nitrogen, 1% argon, and less than 1%
carbon dioxide and other gases. Other gaseous mixtures
comprising molecular oxygen, including air mixtures with
other gases, may also be suitably present within the molecu-
lar oxygen-containing gas supply in alternative embodi-
ments of the present disclosure. Thus, according to various
embodiments of the present disclosure, the molecular oxy-
gen-containing gas supply may contain or be configured to
supply air or oxygen gas to the first electrode or the second
clectrode.

[0026] The hydrogen-containing gas supply may contain
or be configured to supply any gas or gas mixture compris-
ing molecular hydrogen (hydrogen gas) and/or one or more
compounds comprising chemically bonded hydrogen. Thus,
according to various embodiments of the present disclosure,
the hydrogen-containing gas supply may contain or be
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configured to supply at least one of hydrogen gas, a hydro-
carbon gas, or ammonia gas to the first electrode or the
second electrode. Although hydrogen sulfide (H,S) may also
be reactive, 1t may be problematic due to its extreme toxicity
and the toxicity of the sulfur dioxide (SO,) formed there-
from. Hydrocarbon gases, for example, may be scrubbed to
remove hydrogen sulfide and other sulfur-containing com-
pounds belfore being introduced as a feed 1n the systems and
methods of the present disclosure. As used herein, the term
“hydrocarbon’ refers to any compound containing hydrogen
bound to carbon, including both saturated and/or unsaturated
hydrocarbons, as well as those containing heteroatom sub-
stitution. Thus, the term “hydrocarbon,” as used herein, 1s
not limited to those compounds containing only carbon and
hydrogen. In some embodiments, suitable hydrocarbon
gases may include, for example, methane, ethane, propane,
butane, ethylene, propylene, acetylene, or the like. In some
embodiments, natural gas may be supplied as an electro-
chemical cell for purposes of generating water.

[0027] When hydrogen gas 1s supplied to the electro-
chemical water generation systems, pure water 1s produced
along with electricity in the case of an exothermic reaction.
In the case of hydrocarbons, oxides of carbon, nitrogen and
sulfur may be produced 1n addition to water and electricity.
Although the carbon, nitrogen, and sulfur oxides are green-
house gases that may need to be addressed, emission values
are typically lower than conventional combustion systems
utilizing fossil fuels.

[0028] Depending upon whether oxygen 1on conduction or
proton conduction 1s desired, suitable mixed 1onically and
clectronically conductive membranes may include matenials
such as, for example, defect ABO,_, perovskites (0<d<1),
doped o-bismuth oxide (0-B1,0;), and doped cerium oxide
(CeO,), which may be 1n a mixed phase. Combinations of
these materials may also be present 1n a mixed 1onically and
electronically conductive membrane. Dopants for 6-Bi1,0,
and CeO, may be present in a non-zero amount up to about
35 atomic percent. Depending on composition, the defect
ABO,_, perovskites may be either an oxygen 1on conductor
or a proton conductor. Doped o-bismuth oxide and doped
certum oxide are oxide i1on conductors. Suitable defect
ABO,_,perovskites may include those 1n which A 1s selected
from the group consisting of Ba, Fe, La, Ce and Sr, and B
1s selected from the group consisting of Zr, Cu, Fe and Co.
Variables A and B need not necessarily represent a single
atom, and mixtures of the choices of A and/or B may be
selected that maintain charge neutrality and the desired type
of 1onic conduction. For example, in some embodiments, a
bartum cerate zironate perovskite-type species may be pres-
ent 1n the mixed 1onically and electronically conductive
membrane. Additional materials or doped variants thereof
that may suitably comprise a mixed 1onically and electroni-
cally conductive membrane of the present disclosure
include, for example, Sr110,, Ti0,, (La,Ba,Sr)(Mn,Fe,Co)
O,_, (0<d<1), La,CuO,_, (0<d<0.5), LiFePO, and LiM-
nPO,.

[0029] According to some embodiments, the above mixed
ionically and electronically conductive membrane may com-
prise a single-phase material. In other embodiments of the
present disclosure, however, the mixed 1onically and elec-
tronically conductive membrane may comprise a mixed-
phase and/or multi- phase material comprising two or more
distinct phases or materials. CeO, or doped CeO,, for
example, that has been exposed to high temperatures and a
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reducing atmosphere may form CeO,__structures 1n a mixed
phase that 1s a mixed 1onic and electronic conductor.

[0030] According to other embodiments of the present
disclosure, the mixed 1onically and electronically conductive
membrane may comprise a composite material having two
or more distinct phases. In more specific embodiments, such
composite materials may comprise an 1onically conducting
phase and an electronically conducting phase. In some
embodiments, the electronically conducting phase may com-
prise¢ a rare earth doped strontium titanate, other doped
perovskite, or a metallic phase such as silver.

[0031] Without being bound by theory or mechanism, the

mixed 1onically and electronically conductive membranes
are believed to transport oxygen ions or protons from a
location of high chemical potential to a location of lower
chemical potential, which i1s proportional to the partial
pressures upon each side of the mixed 1onically and elec-
tronically conductive membrane. Oxygen 1on transport 1s
believed to take place by a vacancy mechanism. Proton
transport 1s believed to take place by association with water
to form hydroxide 10ons, which are transportable across the
mixed 1onically and electromically conductive membrane.

[0032] Inthe case of the molecular oxygen-containing gas
being 0, and the hydrogen-contaiming gas being H,, the
cathodic and anodic reactions are specified by Formulas 1
and 2.

O,+4e=20°" (1)
H,+%0,=H,0 (2)
[0033] The electromotive force (EMF) 1s therefore depen-

dent upon the oxygen partial pressures at the anode and the
cathode. The oxygen partial pressure at the anode 1s given by
Formula 3

b Puo | (3)
“2 7 Pr, Kox)

where K(,,, 1s the equilibrium constant for the oxidation
reaction described above, P, 1s the hydrogen gas partial
pressure, and P . 1s the water partial pressure. Substitution
in the Nernst equation leads to Formula 4

RT RT P 4
E=FE'+ —In P, + In 2 )
4F 2 2F Pu,o

O

where E° 1s the reversible voltage of the cell at standard
state, R 1s the 1deal gas constant, T 1s the temperature, and

F 1s Faraday’s constant. At standard state conditions, For-
mula 4 reduces to Formula 5.

RT (3)
EO = ﬁlﬂ K,:,.I

Further substitution of AG®° 1n Formula 5 provides Formula
6, where AG® 1s the Gibbs free energy.
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AG® (6)
e
[0034] For the above reaction at 1250 K, AG® 1s -=178.2

kJ/mol, which leads to an EMF value of 0.924 V. It 1s to be

appreciated that the EMF value may differ when operating
the cell at different temperatures or when a different hydro-
gen-containing gas 1s supplied as a reactant.

[0035] In some embodiments, multiple electrochemical
cells may be connected 1n series and/or 1n parallel to form an
clectrochemical stack. Suitable electrochemical stack con-
figurations are not considered to be particularly limited,
cither 1n the number of individual cells or 1n the specific
stack design.

[0036] According to more specific embodiments of the
present disclosure, the first electrode may be the cathode and
the molecular oxygen-containing gas supply may be in fluid
communication with the cathode, the second electrode may
be an anode and the hydrogen-containing gas supply may be
in fluild communication with the anode, and the mixed
ionically and electronically conductive membrane may com-
prise an oxygen ion-conductive membrane. Such a cell
configuration i1s shown 1n FIG. 2A.

[0037] According to other more specific embodiments of
the present disclosure, the first electrode may be the cathode
and the molecular oxygen-containing gas supply may be 1n
fluid communication with the cathode, the second electrode
may be an anode and the hydrogen-containing gas supply
may be i fluid communication with the anode, and the
mixed 1onically and electronically conductive membrane
may comprise a proton-conductive membrane. Such a cell
configuration 1s shown 1n FIG. 2B.

[0038] Although FIGS. 2A and 2B have shown cathode
102 and anode 104 disposed 1n a planar configuration, with
mixed 1onically and electronically conductive membrane
206 interposed 1n between, 1t 1s to be appreciated that other
cell configurations also lie within the scope of the present
disclosure. In some embodiments, cathode 102, anode 104,
and mixed 1onically and electronically conductive mem-
brane 206 may be disposed in a tubular configuration, in
which these elements collectively comprise the wall of the
tube. FIG. 3 shows a diagram of an illustrative electrochemai-
cal cell configuration in which cathode 102, anode 104 and
mixed 1onically and electronically conductive membrane
206 are arranged 1n a tubular configuration within electro-
chemical cell 300. Passage 302 extends within the interior of
clectrochemical cell 302. A hydrogen-containing gas (e.g.,
hydrogen gas or a hydrocarbon) may circulate through
passage 302 to supply the hydrogen-containing gas to anode
104. A molecular oxygen-containing gas may be located
within exterior space 304 adjacent to cathode 102 and
supply molecular oxygen thereto. In alternative embodi-
ments, the positions of cathode 102 and anode 104 may be
reversed, 1n which case molecular oxygen-containing gas
may 1instead circulate through passage 302 and hydrogen-
containing gas may be located in exterior space 304. In the
interest of clarity, no external circuit 1s shown in FIG. 3.
[0039] Tubular electrochemical cells, such as that shown
in FIG. 3, may be fabricated using extrusion and coating
techniques. As an example of suitable fabrication tech-
niques, an anode slurry may be prepared comprising elec-
trolyte powder and cellulose as the binder. The anode
components may be mixed with water using an industrial
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mixer for 1-2 hours and left to age overnight. A vacuum may
be placed over the anode slurry to allow for removal of
excess air. Anode tubes may be extruded from the anode
slurry using a ram extruder and a custom made die. The
anode tubes may be allowed to dry, cut to a desired length,
dip-coated 1n an electrolyte slurry and allowed to dry. The
clectrolyte slurry may be mixed with organic ingredients
such as binder (polyvinyl butyral), dispersant (fish oil) and
solvents (toluene and ethanol). The desired electrolyte thick-
ness may be achieved through multiple electrolyte coatings.

After reaching a desired electrolyte thickness, the tubes may
be sintered at 1200-1450° C. for 6-18 hours 1n air. Next, the
clectrolyte-coated anode tubes may be dip-coated 1n a cath-
ode slurry containing organic mgredients similar with those
of the electrolyte slurry. The cathode dip-coated tubes may
be dried 1n air and sintered at 800-1000° C. for 1-6 hours in

air to complete the tubular cell fabrication.

[0040] Suitable materials for forming the cathode and/or
the anode may be catalytically active toward promoting
water formation (specifically toward generating oxygen 1ons
or protons), according to some embodiments. In particular
embodiments 1n which the mixed 1onically and electroni-
cally conductive membrane comprises an oxygen 10n-con-
ductive material, the anode may comprise a catalytically
active material to promote water formation therein. Simi-
larly, when the mixed i1onically and electronically conduc-
tive membrane comprises a proton-conductive material, the
cathode may comprise a catalytically active material to
promote water formation. In more specific embodiments,
both the cathode and the anode may comprise suitable
catalytically active materials to more efl

ectively promote
water formation in one of the electrodes, depending upon
whether an oxygen 1on-conductive membrane or a proton-
conductive membrane 1s present. Suitable materials that may
be present, particularly 1n the electrode where water 1s being,
formed, may include, for example, N1, Ce, Co, Fe, Cu, Zn,
Sc, Ti, V, Cr, Mn, or any oxide thereof. In particular
embodiments, the anode may comprise one or more of these
maternials. In some or other embodiments, the material(s)
comprising the mixed 1onically and electronically conduc-

tive membrane may also be present in at least a portion of
the cathode and/or the anode.

[0041] The electrochemical reaction to generate water
releases electrons, a portion of which may flow as a current
through the external circuit and a portion of which may
travel through the mixed 1onically and electronically con-
ductive membrane. No additional electrical current needs to
be applied to promote the electrochemical reaction to gen-
erate water, unless the electrochemical reaction 1s endother-
mic, 1n which case an additional current may be applied.
Application of additional electrical current may be advan-
tageous, however, to promote more eflicient formation of the
ionic species 1n erther electrode. In some embodiments, the
current generated from the electrochemical reaction to form
water may be supplied to a load 1n electrical communication
with the external circuit.

[0042] According to further embodiments, the electro-
chemical water generation systems described herein may
comprise a heat exchanger 1n thermal communication with
at least one of the first gas outlet and the second gas outlet.
In more specific embodiments, the heat exchanger may be
configured to withdraw waste heat from steam produced 1n
the first electrode or the second electrode.
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[0043] Thus, depending on the particular electrode 1n
which water 1s formed, the heat exchanger may be 1n thermal
communication with the gas outlet extending from either the
cathode or the anode.

[0044] Accordingly, in some specific embodiments, the
heat exchanger may be in thermal communication with the
second gas outlet, and the second gas outlet may be con-
figured to withdraw steam from the second electrode (an-
ode). In other specific embodiments, the heat exchanger may
be 1n thermal communication with the first gas outlet, and
the first gas outlet may be configured to withdraw steam
from the first electrode (cathode).

[0045] Suitable heat exchangers for use in the present
disclosure may be configured to withdraw excess heat from
a flmd, particularly steam. The excess heat from the steam
may be withdrawn by directly contacting the steam with a
component of the heat exchanger, or the heat exchanger may
be 1n thermal communication with a conduit through which
the steam 1s travelling. In some embodiments, the heat
exchanger may be configured to supply waste heat extracted
from at least one of the first gas outlet and the second gas
outlet to the mixed 1onically and electronically conductive
membrane. Returning the waste heat from the steam to the
mixed 1onically and electronically conductive membrane
may lead to more eflicient operation of the electrochemical
water generation systems.

[0046] Direct conversion of the chemical energy to the
products and electrical energy 1s not limited by the Carnot
cycle efliciency. Hence, cell efliciencies are greater than
those 1n desalination plants. Chemical efliciencies between
50-60% may be possible. IT waste heat 1s returned to the
mixed 1onically and electronically conductive membrane, an
overall system etliciency of up to 80-90% or even greater
may be realizable.

[0047] Heat exchangers suitable for use in the embodi-
ments herein are not considered to be particularly limated.
I[llustrative heat exchangers that may be suitable for use 1n
the various embodiments of the present disclosure include,
for example, shell and tube heat exchangers, plate heat
exchangers, plate and shell heat exchangers, plate fin heat
exchangers, microchannel heat exchangers, heat pipes, or
direct contact heat exchangers. Choice of a suitable heat
exchanger may be application-specific, particularly depend-
ing upon whether or not the waste heat 1s recycled to the
mixed 1onically and electronically conductive membrane. IT
the waste heat 1s not recycled to the mixed ionically and
clectronically conductive membrane, the waste heat may be
utilized 1 other applications 1n need of excess thermal
energy. In illustrative embodiments, the waste heat may be
supplied to promote chemical reactions such as desalination,
and heating or cooling applications.

[0048] FIG. 4 shows a diagram of an illustrative electro-
chemical water generation system 400 configured to extract
waste heat from a gas outlet and to return at least a portion
of the waste heat to the mixed 1onically and electronically
conductive membrane. Namely, as shown 1n FIG. 4, molecu-
lar oxygen (or air) flows through conduit 402 adjacent to
cathode 102, such that the molecular oxygen can diffuse into
and/or tlow through porosity within cathode 102. Similarly,
hydrogen gas (or a hydrocarbon) flows through condut 404
adjacent to anode 104, such that the hydrogen gas (or
hydrocarbon) can difluse into porosity within anode 104.
Water produced in anode 104 exits from conduit 404 1n the
form of steam through gas outlet 406. Upon exiting gas
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outlet 406, the steam may condense as liquid water and be
collected (collection apparatus not shown). As discussed
above, external circuit 108 1s optional 1n electrochemical
water generation system 400.

[0049] Heat exchanger 408 1s 1n thermal communication
with gas outlet 406. Heat exchanger 408 may collect waste
heat from the steam within gas outlet 406 to facilitate its
condensation 1nto liquid water. According to some embodi-
ments, the waste heat accumulated 1n heat exchanger 408
may then be returned to mixed i1onically and electronically
conductive membrane 206 via thermal conduit 410 to facili-
tate 1onic conductivity therein. It 1s to be appreciated that
other heat sources, icluding other sources of waste heat,
may be in thermal communication with mixed ionically and
electronically conductive membrane 206 1n addition to or as
an alternative to that provided from heat exchanger 408. For
example, 1n alternative embodiments, the waste heat output
ol a power plant, gas turbine or other heat source may be 1n
thermal communication with mixed 1onically and electroni-
cally conductive membrane 206 to improve the overall
energy elliciency.

[0050] Although FIG. 4 has shown an electrochemical
water generation system 400 utilizing an oxygen 1on-con-
ductive membrane, 1t 1s to be appreciated that a proton-
conductive membrane may be utilized 1n alternative embodi-
ments. In such embodiments, heat exchanger 408 may be in
thermal communication with gas outlet 412 of conduit 402
in order to withdraw waste heat produced 1n cathode 102 1n
this cell configuration. In the interest of brevity, this alter-
native cell configuration 1s not shown in further detail 1n the
drawings.

[0051] Accordingly, 1n more specific embodiments, elec-
trochemical water generation systems disclosed herein may
comprise at least one electrochemical cell comprising: a
cathode and an anode, optionally 1n electrical communica-
tion via an external circuit; a mixed 1onically and electroni-
cally conductive membrane interposed between and in con-
tact with the cathode and the anode, the mixed ionically and
clectronically conductive membrane comprising an oxygen
ion-conductive material; a hydrogen-containing gas supply
in fluid commumnication with the anode; a molecular oxygen-
containing gas supply in fluild communication with the
cathode; a gas outlet extending from the anode; and a heat
exchanger in thermal communication with the gas outlet. In
more specific embodiments, the heat exchanger may be
configured to supply waste heat extracted from the gas outlet
to the mixed 1onically and electronically conductive mem-
brane.

[0052] In other more specific embodiments, electrochemi-
cal water generation systems disclosed herein may comprise
at least one electrochemical cell comprising: a cathode and
an anode, optionally m electrical communication via an
external circuit; a mixed 1onically and electronically con-
ductive membrane interposed between and 1n contact with
the cathode and the anode, the mixed 1onically and elec-
tronically conductive membrane comprising a proton-con-
ductive material; a hydrogen-containing gas supply in flmd
communication with the anode; a molecular oxygen-con-
taining gas supply in fluid communication with the cathode;
a gas outlet extending from the cathode; and a heat
exchanger 1n thermal commumnication with the gas outlet. In
more specific embodiments, the heat exchanger may be
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configured to supply waste heat extracted from the gas outlet
to the mixed 1onically and electronically conductive mem-
brane.

[0053] Similarly, according to some or other various
embodiments, the present disclosure provides methods for
clectrochemically forming water. In some embodiments, the
methods may comprise: supplying a molecular oxygen-
containing gas to a first electrode of an electrochemical cell
and a hydrogen-containing gas to a second electrode of an
clectrochemical cell having a mixed 10onically and electroni-
cally conductive membrane interposed between and in con-
tact with the first electrode and the second electrode, the first
clectrode and the second electrode optionally being 1in
clectrical communication via an external circuit; heating the
mixed 1onically and electronically conductive membrane to
a temperature at or above that needed to maintain 1onic
mobility in the mixed 1onically and electronically conduc-
tive membrane at or above a predetermined level; generating
an 10n1¢ species from the molecular oxygen-containing gas
or the hydrogen-containing gas 1n one of the first electrode
or the second electrode; migrating the 10nic species across
the mixed 1onically and electronically conductive membrane
to the other of the first electrode or the second electrode;
alter migrating across the mixed iomically and electronically
conductive membrane, reacting the ionic species 1 one of
the first electrode or the second electrode to form water in
the form of steam; and withdrawing the steam from one of
the first electrode or the second electrode. The mixed
ionically and electronically conductive membrane may com-
prise an oxygen 1on-conductive membrane or a proton-
conductive membrane, and the steam may be withdrawn
from either the first electrode or the second electrode
depending upon which type of ionically and electronically

conductive membrane 1s present, as discussed in further
detail herein.

[0054] According to further embodiments, the methods of
the present disclosure may comprise interacting the steam
with a heat exchanger 1n thermal communication with a gas
outlet containing the steam to withdraw waste heat, and
supplying the waste heat to the mixed 1onically and elec-
tronically conductive membrane. Withdrawal of waste heat
from the steam may aflect condensation of the steam into
liquid water, according to some embodiments. The methods
of the present disclosure may still further comprise collect-
ing the liquid water, such as in a suitable container. The
collected water may be potable and used for drinking
purposes, or it may be used for conducting one or more
secondary reactions, according to some embodiments.

[0055] The temperature needed to maintain ionic mobaility
at a predetermined level 1n the mixed ionically and elec-
tronically conductive membrane may vary depending upon
the chosen membrane material. Moreover, the chosen degree
of 1onic mobility may vary depending upon the desired rate
of water generation. In more specific embodiments, the
temperature needed to maintain 1onic mobility may range
between about 300° C. and about 1000° C., or between about
300° C. and about 800° C., or between about 300° C. and
about 700° C., or between about 300° C. and about 400° C.,
or between about 400° C. and about 3500° C., or between
about 500° C. and about 500° C., or between about 600° C.
and about 700° C. Temperatures within a suitable range to
maintain 1onic mobility at a desired level may also promote
correspondingly high current density values within the elec-
trochemical cell. Temperatures for proton-conductive mem-
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branes may, in some embodiments, be kept below about
700° C. to maintain a partial pressure ol water to promote
proton transport, whereas oxygen ion-conductive mem-
branes may be suitably operated at temperatures up to about
1000° C., according to other embodiments. Electrochemical
reaction kinetics may also aflect the observed current den-
sity values.

[0056] Embodiments disclosed herein include:

[0057] A. Electrochemical water generation systems. The
systems comprise: at least one electrochemical cell com-
prising: a first electrode and a second electrode, optionally
in electrical communication via an external circuit; a mixed
ionically and electronically conductive membrane inter-
posed between and 1n contact with the first electrode and the
second electrode; a hydrogen-containing gas supply 1n tfluid
communication with one of the first electrode and the second
clectrode; a molecular oxygen-containing gas supply 1n flmd
communication with the other of the first electrode and the
second electrode; and a first gas outlet extending from the
first electrode and a second gas outlet extending from the
second electrode.

[0058] B. Electrochemical water generation systems for
anodic production of water. The systems comprise: at least
one electrochemical cell comprising: a cathode and an
anode, optionally 1n electrical communication via an exter-
nal circuit; a mixed 1onically and electronically conductive
membrane interposed between and in contact with the
cathode and the anode, the mixed 1onically and electroni-
cally conductive membrane comprising an oxygen 10n-
conductive material; a hydrogen-containing gas supply 1n
fluidd communication with the anode; a molecular oxygen-
contaiming gas supply 1 fluild communication with the
cathode; a gas outlet extending from the anode; and a heat
exchanger 1n thermal communication with the gas outlet.

[0059] C. Methods for producing water using a mixed
ionically and electronically conductive membrane. The
methods comprise: supplying a molecular oxygen-contain-
ing gas to a first electrode of an electrochemical cell and a
hydrogen-containing gas to a second electrode of an elec-
trochemical cell; wherein a mixed 1onically and electroni-
cally conductive membrane i1s interposed between and 1n
contact with the first electrode and the second electrode; and
wherein the first electrode and the second electrode are
optionally in electrical communication via an external cir-
cuit; heating the mixed 1onically and electronically conduc-
tive membrane to a temperature at or above that needed to
maintain 1onic mobility 1n the mixed 1onically and electroni-
cally conductive membrane at or above a predetermined
level; generating an 10nic species from the molecular oxy-
gen-containing gas or the hydrogen-containing gas in one of
the first electrode or the second electrode; migrating the
ionic species across the mixed 1onically and electronically
conductive membrane to the other of the first electrode or the
second electrode; after migrating across the mixed 1onically
and electronically conductive membrane, reacting the 1onic
species 1n one of the first electrode or the second electrode
to form water 1n the form of steam; and withdrawing the
steam from one of the first electrode or the second electrode.

[0060] Each of embodiments A, B, and C may have one or
more of the following additional elements 1n any combina-
tion.

[0061] Flement 1: wherein the system further comprises:
a heat exchanger 1n thermal communication with at least one
of the first gas outlet and the second gas outlet.
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[0062] Flement 2: wherein the heat exchanger 1s config-
ured to supply waste heat extracted from at least one of the
first gas outlet and the second gas outlet to the mixed
ionically and electronically conductive membrane.

[0063] Element 3: wherein the first electrode 1s a cathode
and the molecular oxygen-containing gas supply 1s 1n tluid
communication with the cathode, the second electrode 1s an
anode and the hydrogen-containing gas supply 1s n fluid
communication with the anode, and the mixed 1onically and
clectronically conductive membrane comprises an oxygen
ion-conductive membrane.

[0064] Element 4: wherein the oxygen ion-conductive
membrane comprises at least one material selected from the
group consisting of a defect ABO,_, perovskite (0,d<1),
doped 0-B1,0;, and doped, mixed-phase cerium oxide;
wherein A 1s selected from the group consisting of Ba, Fe,
La, Ce, and Sr, and B 1s selected from the group consisting
of Zr, Cu, Fe and Co.

[0065] Element 5: wherein the heat exchanger 1s 1n ther-
mal communication with the second gas outlet, and the
second gas outlet 1s configured to withdraw steam from the
second electrode.

[0066] Element 6: wherein the first electrode 1s a cathode
and the molecular oxygen-containing gas supply 1s 1n tluid
communication with the cathode, the second electrode 1s an
anode and the hydrogen-containing gas supply 1s 1 fluid
communication with the anode, and the mixed 1onically and
clectronically conductive membrane comprises a proton-
conductive membrane.

[0067] Element 7: wherein the heat exchanger 1s in ther-
mal communication with the first gas outlet, and the first gas
outlet 1s configured to withdraw steam from the first elec-
trode.

[0068] Element 8: wherein the molecular oxygen-contain-
ing gas supply 1s configured to supply air or oxygen gas to
the first electrode or the second electrode.

[0069] Element 9: wherein the hydrogen-containing gas
supply 1s configured to supply at least one of hydrogen gas,
a hydrocarbon gas, or ammonia gas to the first electrode or
the second electrode.

[0070] Element 10: wherein the mixed 1onically and elec-
tronically conductive membrane comprises a single-phase
material.

[0071] Flement 11: wherein the heat exchanger 1s config-
ured to supply waste heat extracted from the gas outlet to the
mixed 1onically and electromically conductive membrane.
[0072] Flement 12: wherein the method further comprises:
interacting the steam with a heat exchanger in thermal
communication with a gas outlet containing the steam to
withdraw waste heat; and supplying the waste heat to the
mixed 1onically and electromically conductive membrane.
[0073] Flement 13: wherein the temperature needed to
maintain 1onic mobility at or above a predetermined level
ranges between about 300° C. and about 1000° C.

[0074] Element 14: wherein at least one of the first elec-
trode or the second electrode comprises a material that 1s
catalytically active toward reacting the 10nic species to form
water.

[0075] By way of non-limiting example, exemplary com-
binations applicable to A, B, and C include: The system of
A 1n combination with elements 1 and 2; 1-3; 1 and 3; 1, 3
and 4; 1-4; 1 and 5; 1 and 6; 1,2 and 5; 1, 2 and 6; 1, 6 and
7:1,2, 6 and 7; 1 and 8; 1 and 9; 3 and 4; 3 and 5; 3-5; 3,
4, and 8; 3 and 8; 3 and 9; 3,4 and 9; 6 and 7; 6 and 8; 6-8;
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6, 7and 9; 6 and 9; 8 and 9; 1 and 14; 1, 2 and 14; 1, 3 and
14; 1,5 and 14; 3 and 14; 3, 4 and 14; 3, 5 and 14; 3, 8 and
14; 3, 9 and 14; 6 and 14; 6, 7 and 14; 6, 8 and 14; 8 and
14; and 9 and 14. The system of B 1in combination with
elements 4 and 8; 4 and 11; 4, 8 and 9; 4 and 9; 8 and 11;
Oand 11;4 and 14; 4, 8 and 14; 4, 11 and 14; 4, 8, 9 and 14;
4,9 and 14: 8 and 14; 9 and 14; &8, 11 and 14; 9, 11 and 14;
and 11 and 14. The method of C 1n combination with
elements 3 and 12; 3,4 and 12; 6 and 12; 6 and 13; 6 and
14; 3,4 and 14; 3 and 14; 8 and 14; 9 and 14; 8, 9 and 14
8 and 13; and 9 and 13.

[0076] Unless otherwise indicated, all numbers expressing
quantitiecs and the like in the present specification and
associated claims are to be understood as being modified 1n
all instances by the term “about.” Accordingly, unless indi-
cated to the contrary, the numerical parameters set forth 1n
the following specification and attached claims are approxi-
mations that may vary depending upon the desired proper-
ties sought to be obtained by the embodiments of the present
disclosure. At the very least, and not as an attempt to limait
the application of the doctrine of equivalents to the scope of
the claim, each numerical parameter should at least be
construed in light of the number of reported significant digits
and by applying ordinary rounding techniques.

[0077] One or more illustrative embodiments incorporat-
ing various features are presented herein. Not all features of
a physical implementation are described or shown 1in this
application for the sake of clarity. It 1s understood that in the
development of a physical embodiment incorporating the
embodiments of the present disclosure, numerous 1mple-
mentation-specific decisions must be made to achieve the
developer’s goals, such as compliance with system-related,
business-related, government-related and other constraints,
which vary by implementation and from time to time. While
a developer’s eflorts might be time-consuming, such eflorts
would be, nevertheless, a routine undertaking for those of
ordinary skill 1in the art and having benefit of this disclosure.

[0078] While various systems, tools and methods are
described herein 1in terms of “comprising” various compo-
nents or steps, the systems, tools and methods can also
“consist essentially of” or “consist of” the various compo-
nents and steps.

[0079] As used herein, the phrase “at least one of” pre-
ceding a series of items, with the terms “and” or “or” to
separate any of the items, modifies the list as a whole, rather
than each member of the list (1.e., each 1tem). The phrase “at
least one of” allows a meaning that includes at least one of
any one of the 1tems, and/or at least one of any combination
of the 1tems, and/or at least one of each of the items. By way
of example, the phrases “at least one of A, B, and C” or “at
least one of A, B, or C” each refer to only A, only B, or only

C; any combination of A, B, and C; and/or at least one of
each of A, B, and C.

[0080] Therefore, the disclosed systems, tools and meth-
ods are well adapted to attain the ends and advantages
mentioned as well as those that are inherent therein. The
particular embodiments disclosed above are 1llustrative only,
as the teachings of the present disclosure may be modified
and practiced in different but equivalent manners apparent to
those skilled in the art having the benelfit of the teachings
herein. Furthermore, no limitations are intended to the
details of construction or design herein shown, other than as
described 1n the claims below. It 1s therefore evident that the
particular 1llustrative embodiments disclosed above may be
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altered, combined, or modified and all such variations are
considered within the scope of the present disclosure. The
systems, tools and methods illustratively disclosed herein
may suitably be practiced 1n the absence of any element that
1s not specifically disclosed herein and/or any optional
clement disclosed herein. While systems, tools and methods
are described 1n terms of “comprising, 7

A B4 4

containing,” or
“including” various components or steps, the systems, tools
and methods can also “consist essentially of”” or “consist of”
the various components and steps. All numbers and ranges
disclosed above may vary by some amount. Whenever a
numerical range with a lower limit and an upper limit 1s
disclosed, any number and any included range falling within
the range 1s specifically disclosed. In particular, every range
of values (of the form, “from about a to about b,” or,
equivalently, “from approximately a to b,” or, equivalently,
“from approximately a-b”) disclosed herein 1s to be under-
stood to set forth every number and range encompassed
within the broader range of values. Also, the terms in the
claims have their plain, ordinary meaning unless otherwise
explicitly and clearly defined by the patentee. Moreover, the
indefinite articles “a” or “an,” as used in the claims, are
defined herein to mean one or more than one of the elements
that 1t introduces. If there 1s any conflict in the usages of a
word or term 1n this specification and one or more patent or
other documents that may be incorporated herein by refer-
ence, the definitions that are consistent with this specifica-
tion should be adopted.

What 1s claimed 1s the following:

1. An electrochemical water generation system, compris-
ng:
at least one electrochemical cell comprising:

a first electrode and a second electrode, optionally 1n
electrical communication via an external circuit;

a mixed 1onically and electronically conductive mem-
brane interposed between and 1n contact with the first
electrode and the second electrode;

a hydrogen-containing gas supply 1n fluid communica-
tion with one of the first electrode and the second
electrode;

a molecular oxygen-containing gas supply mn fluid
communication with the other of the first electrode
and the second electrode; and

a first gas outlet extending from the first electrode and
a second gas outlet extending from the second elec-
trode.

2. The electrochemical water generation system of claim
1, further comprising:
a heat exchanger 1n thermal communication with at least
one of the first gas outlet and the second gas outlet.

3. The electrochemical water generation system of claim
2, wherein the heat exchanger 1s configured to supply waste
heat extracted from at least one of the first gas outlet and the
second gas outlet to the mixed 1onically and electronically
conductive membrane.

4. The electrochemical water generation system of claim
2, wherein the first electrode 1s a cathode and the molecular
oxygen-containing gas supply 1s 1 flmd communication
with the cathode, the second electrode 1s an anode and the
hydrogen-containing gas supply 1s 1n fluid commumnication
with the anode, and the mixed 1onically and electronically
conductive membrane comprises an oxygen 1on-conductive
membrane.
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5. The electrochemical water generation system of claim
4, wherein the oxygen 1on-conductive membrane comprises
at least one matenal selected from the group consisting of a
defect ABO,_, perovskite (0,d<1), doped 0-B1,0,, and
doped, mixed-phase certum oxide;

wherein A 1s selected from the group consisting of Ba, Fe,

La, Ce, and Sr, and B 1s selected from the group

consisting of Zr, Cu, Fe and Co.

6. The electrochemical water generation system of claim
4, wherein the heat exchanger 1s 1n thermal communication
with the second gas outlet, and the second gas outlet 1s
configured to withdraw steam from the second electrode.

7. The electrochemical water generation system of claim
2, wherein the first electrode 1s a cathode and the molecular
oxygen-containing gas supply 1s 1 fluidd communication
with the cathode, the second electrode 1s an anode and the
hydrogen-containing gas supply 1s 1n fluid communication
with the anode, and the mixed 1onically and electronically
conductive membrane comprises a proton-conductive mem-
brane.

8. The electrochemical water generation system of claim
7, wherein the heat exchanger 1s 1n thermal communication
with the first gas outlet, and the first gas outlet 1s configured
to withdraw steam from the first electrode.

9. The electrochemical water generation system of claim
1, wherein the molecular oxygen-contaiming gas supply 1s
configured to supply air or oxygen gas to the first electrode
or the second electrode.

10. The electrochemical water generation system of claim
1, wherein the hydrogen-containing gas supply 1s configured
to supply at least one of hydrogen gas, a hydrocarbon gas,
or ammonia gas to the first electrode or the second electrode.

11. The electrochemical water generation system of claim
1, wherein the mixed 10onically and electronically conductive
membrane comprises a single-phase material.

12. An electrochemical water generation system, coms-
prising:

at least one electrochemical cell comprising;:

a cathode and an anode, optionally 1n electrical com-
munication via an external circuit;

a mixed 1omcally and electromically conductive mem-
brane interposed between and in contact with the
cathode and the anode, the mixed 1onically and
clectronically conductive membrane comprising an
oxygen 1on-conductive material;

a hydrogen-containing gas supply 1n fluid communica-
tion with the anode;

a molecular oxygen-containing gas supply mn fluid
communication with the cathode;

a gas outlet extending from the anode; and

a heat exchanger 1in thermal communication with the
gas outlet.

13. The electrochemical water generation system of claim
12, wherein the heat exchanger 1s configured to supply waste
heat extracted from the gas outlet to the mixed 1onically and
clectronically conductive membrane.

14. The electrochemical water generation system of claim
12, wheremn the oxygen ion-conductive membrane com-
prises at least one material selected from the group consist-
ing of a detect ABO,_, perovskite (0,d<1), doped 0-B1,0,,
and doped, mixed-phase cerium oxide;

wherein A 1s selected from the group consisting of Ba, Fe,

La, Ce, and Sr, and B 1s selected from the group
consisting of Zr, Cu, Fe and Co.
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15. A method for generating water, comprising:

supplying a molecular oxygen-containing gas to a first

clectrode of an electrochemical cell and a hydrogen-

containing gas to a second electrode of an electro-

chemical cell;

wherein a mixed 1onically and electronically conduc-
tive membrane 1s 1mterposed between and in contact
with the first electrode and the second electrode; and

wherein the first electrode and the second electrode are
optionally 1n electrical communication via an exter-
nal circuit;

heating the mixed ionically and electronically conductive

membrane to a temperature at or above that needed to
maintain 1onic mobility 1 the mixed 1onically and
clectronically conductive membrane at or above a
predetermined level;

generating an 1onic species from the molecular oxygen-

containing gas or the hydrogen-containing gas in one of
the first electrode or the second electrode:

migrating the 1onic species across the mixed 1omically and

clectronically conductive membrane to the other of the
first electrode or the second electrode;

alter migrating across the mixed 1onically and electroni-

cally conductive membrane, reacting the 1onic species
in one of the first electrode or the second electrode to
form water 1n the form of steam:; and

withdrawing the steam from one of the first electrode or

the second electrode.

16. The method of claim 15, further comprising:

interacting the steam with a heat exchanger in thermal

communication with a gas outlet containing the steam
to withdraw waste heat; and

supplying the waste heat to the mixed ionically and

clectronically conductive membrane.

17. The method of claim 15, wherein the first electrode 1s
a cathode and the molecular oxygen-containing gas supply
1s 1n flmud communication with the cathode, the second
clectrode 1s an anode and the hydrogen-containing gas
supply 1s 1n fliud communication with the anode, and the
mixed 1onically and electronically conductive membrane
comprises an oxygen ion-conductive membrane.

18. The method of claim 17, wherein the oxygen 10n-
conductive membrane comprises at least one material
selected from the group consisting of a defect ABO,_,
perovskite (0,d<1), doped 6-B1,0,, and doped, mixed-phase
cerium oxide;

wherein A 1s selected from the group consisting of Ba, Fe,

La, Ce, and Sr, and B 1s selected from the group
consisting of Zr, Cu, Fe and Co.

19. The method of claim 15, wherein the first electrode 1s
a cathode and the molecular oxygen-containing gas supply
1s 1n flmud communication with the cathode, the second
clectrode 1s an anode and the hydrogen-containing gas
supply 1s 1n fliud communication with the anode, and the
mixed 1onically and electronically conductive membrane
comprises a proton-conductive membrane.

20. The method of claim 15, wheremn the hydrogen-
containing gas comprises at least one gas selected from the
group consisting of hydrogen gas, a hydrocarbon gas,
ammonia gas, and any combination thereof.

21. The method of claim 15, wherein the temperature
needed to maintain 1onic mobility at or above a predeter-
mined level ranges between about 300° C. and about 1000°
C.
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22. The method of claim 15, wherein at least one of the
first electrode or the second electrode comprises a material
that 1s catalytically active toward reacting the 1onic species
to form water.
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